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FOREWORD

This technical report presents the results of an Advanced Space Engine Study. The study was conducted by
the Pratt & Whitney Government Engines & Space Propulsion Division of the United Technologies Corporation
for the National Aeronautics and Space Administration, Lewis Rescarch Center, under Contract NAS3-23858,
Task Order D4

The study was initiated in November 1988 and completed in January 1990. Mr. Paul Richter was the
NASA Task Order Manager. The effort at P&W was carried out under Mr. James R. Brown, Program Manager,
and Mr. Arthur I. Masters, Engineering Manager. Other individuals providing significant contributions in the
preparation of the report were Donald E. Galler, Todd F. Denman, and Ricky A. Schied — System Performance
Analysis; James R. Black and Aaron R. Fierstein — Heat Transter; Gale 1. Clark — Pump Design; and Bruce
R. Branstrom — Turbine Design.
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SECTION |
INTRODUCTION AND SUMMARY

INTRODUCTION

NASA mission studies have identified the future need for a new Space Transfer Vehicle (STV) Propulsion
System. The new system is to be an oxygen/hydrogen expander cycle engine of 7,500 to 50,000 lbs thrust or
more, and must achieve high performance via efficient combustion, high combustion pressure, and high arca
ratio exhaust nozzle expansion. The engine is likely to require wide versatility in terms of such characteristics
as throttleability, operation over a wide range of mixture ratios, autogenous pressurization, and in-flight engine
thermal conditioning and vehicle propellant settling. Firm engine requirements will include: long life, man-rating,
cost effective reusability, space basing, and fault-tolerant operation.

A design and analysis study was conducted to provide advanced engine descriptions and parametric data
for STVs. The study was based on an advanced oxygew/hydrogen engine in the 7,500 to 50,000 Ibf thrust
range. Emphasis was placed on defining requirements for high performance with engine systems capable of
achieving reliable and versatile operation in a space environment. Engine system requirements and goals are
listed in Table 1.

The study was divided into three technical tasks. In the first task several expander cycle variations were
compared from the standpoint of their applicability to a new space engine. Parametric performance, weight and
envelope data were then prepared for the selected cycles. Under the second task, the selected cycles were used
to investigate requirements for wide range throttling (20:1) and high mixure ratio (O/F = 12.0) operation. The
third task was to conduct reviews and coordinate performance of the work.

CYCLE COMPARISON STUDY

Four expander cycle variations were evaluated with respect to their applicability to an STV-type engine, i.c.,
the full- , or single- , expander cycle; the split-expander cycle; the dual-expander cycle; and the full-expander
cycle with a regenerator. The four cycles were compared on the basis of: (1) maximum achicvable chamber
pressure, which translates to engine performance, weight, and envelope, (2) system complexity, i.c., number of
components, severity of cycle condition, technology availability, and program risk (3) throttling capability, and
(4) high mixture ratio operation,

The comparison of maximum achievable chamber pressure was based on technology which was judged to
be readily available by the mid-1990s and included two thrust chamber cooling methods — copper chambers
with milled channel construction and tubular copper chambers. The results are shown in Figure 1 for the
tubular copper thrust chambers. Based on the assumption of equivalent technology, the full-expander cycle
with regeneration was found to have the highest chamber pressure capability. The maximum pressure with the
split-expander cycle was near that of the regenerator cycle at thrust levels above 25,000 Ibs, but dropped oft
at low thrust. The reduced capability was due to cooling limits, not available power. The dual-expander cycle
shows good chamber pressure capability at low thrust, but is the lowest of the four cycles over the range of this
study. Copper tubular thrust chambers were shown to provide a significant improvement in achievable chamber
pressure over milled channel chambers.

On the basis of system complexity, the full expander cycle has the fewest components, the least severe
design requirements, and is the most proven. The extra heat exchangers and oxidizer environment in the oxidizer
turbine make the dual-expander cycle clearly the most complex. The split-expander cycle and full-expander cycle
with regeneration were judged to be equal in complexity and slightly more complex than the full-expander cycle.

The primary difference in throttling and high mixture ratio operation between the four cycles is in the
ability to provide adequate thrust chamber cooling and acceptable turbine inlet temperatures over the range of



TABLE I. — ENGINE SYSTEM REQUIREMENTS AND GOALS

Propellants Liquid Hydrogen
Liquid Oxygen
Vacuum Thrust 7,500 1bf to 50,000 lbf (Study Range)

Vacuum Thrust Throttling Ratio 10:1

Vacuum Specific Impulse *

Engine Mixture Ratio 6.0 (design point at full thrust)

5.0 — 7.0 (operating range at full thrust)

Chamber Pressure

Drive Cycle Expander
Dimensional Envelope
Length (stowed/extended *
Diameter (maximum) *
Mass *
Nozzle Type Bell with not more than one
extendible/retractable section
Nozzle Expansion Ratio End of regen section to 1200 (Study Range)
Propellant Inlet Temperature
Hydrogen 378 R
Oxygen 162.7 R
Inlet Net Positive Suction Head
Hydrogen 15 ft-ibf/lbm at full thrust
Oxygen 2 ft-lbf/lbm at full thrust
Design Criteria Human Rated
Aeroassist Compatible
Space Based
Service Life Between Overhauls 500 Starts/20 Hours Operation (Goal)
Service Free Life 100 Starts/4 Hours Operation (Goal)

Maximum Single Run Duration  **

Maximum Time Between Firings
Minimum Time Between Firings
Maximum Storage Time in
Space
Gimbal Requirement
Pitch Angle =
Yaw Angle
Acceleration {Maximum}
Velocity (Maximum)
Start Cycle

EEd

&

&

*  Engine Parametric Study Results
**  Vehicle/Mission Study Resuits

conditions required. The split expander cycle was found to have a significant advantage over other cycles for
throttled and high mixture ratio operation.

On the basis of this comparison, the split expander and full expander cycle were selected as the cycles to
be used for preparation of the parametric data. These data are presented in Appendix A of this report. The
split expander cycle was selected as the baseline cycle for the throttling and high mixture ratio operation study.
Secondary consideration was given to throttling the full expander cycle with regeneration.

THROTTLING AND HIGH MIXTURE RATIO OPERATION

The basic requirements for wide range throttling and high mixture ratio operation are: (1) achievement of
high combustion efficiency over a wide thrust and mixture ratio range without excessive system pressure drop
and complexity, (2) the ability to adequately cool the thrust chamber over the wide range of conditions required,
(3) achievement of wide range control without undue control system complexity, and (4) pump flow stability
and avoidance of turbine flow separation at low flowrates.



A number of design features were identified for meeting these requircmients; they consisted of:

*  Dual-orifice injection to provide acceptable pressure drop and high combustion ctliciency over the wide
range of fuel and oxidizer flows required (Figure 2)

*  Use of the split-expander cycle to provide extra cooling capability for off-design operation
*  Novel control schemes to provide increased cooling capacity at off-design conditions
* Inducer-interstage struts and flow recirculation to provide off-design point pump stability

*  Use of the split-expander cycle to reduce the turbine flow variation trom full thrust to minimum thrust
and, thereby, inhibit turbine flow separation at low thrust.

2,000 — i
- Full Expander With Regenerator
~~~~.~. /_
§.~~
1,800 p— Rt TN
LTy Full-Expander
Maximum 1,600 |—
Chamber
Pressure — Split-Expander
psia 1,400 f—
\\ Dual-Expander
\\
1,200 }— S
S~
\\§
0 10,000 20,000 30,000 40,000 50,000 60,000

Engine Vacuum Thrust - |bs

Figure 1. Comparison of Achievable Chamber Pressure for Four Cvcles Using Tubular Copper Thrust Chambers
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SECTION il
DESIGN AND PARAMETRIC ANALYSIS

EXPANDER CYCLE COMPARISON

The high-performance, oxygen-hydrogen expander cycle engine has been selected by NASA as the bascline
propulsion system for the Space Transfer Vehicle (STV). As a part of this study, a comparison of four expander
cycle variations: the full-cxpander, split-expander, dual-cxpander, and full-expander with regencration was
conducted. Study resuits have provided advanced engine descriptions and parametric data for NASA's STV
contractors.

In preparing these data, a technology level consistent with the carly-to-mid 1990s was established as a
bascline and is described below. The attainment of a given chamber pressure in an expander cycle engine is
highly dependent upon this assumed technology level as well as the degree to which the cycle is optimized.
Definition of the technology level for any study is always subjective. Although some assumptions may be revised
as technology develops, moderate changes are not expected to compromise the validity of the cycle comparison.

Baseline Engine Parameters
( 1) Heat Transfer

* Milled channel copper chambers and tubular copper chambers

* Haynes 230 tubular nozzles for high material strength and high-temperature operation
*  Regenerative-cooling to an arca ratio of 210 to [ for the full- and split-expander

* Regenerative-cooling to an area ratio of 404 to I for the dual-expander

*  Maximum thrust chamber wall temperature of 1460°R.

( 2) Pumps

+  Fuel pump bearing bore diameter x speed (DN) of 3.0 x 10° rpm-mm
*  Maximum pump tip speed of 2100 ft/sec
»  Shrouded impellers,

( 3) Turbines

*  Back-to-back vaneless main turbines (except for dual-expander cycle)
*+  Maximum turbine tip speed of 2000 ft/sec
¢ Shrouded turbine blades.

Two thrust chamber cooling concepts were used in the baseline study: conventional milled channel copper
thrust chambers and tubular copper thrust chambers. The tubular chamber provides an estimated 18 percent heat
transfer chamber enhancement over the grooved chamber due to the increased hot wall surface area.

The pump bearing DN limit (product of diameter and speed in rpm-mm) was set at 3.0 million for the
hydrogen turbopump and 1.4 million for the oxygen turbopump. Based on Pratt & Whitney’s (P&W) demonstrated
capability in the Space Shuttle Main Engine Alternate Turbopump Design and XI.R-129 high-pressure engine,
current DN limits are 2.4 million for ball bearings and 2.7 million for roller bearings in hydrogen and 1.4 million
for bearings in oxygen. Previous P&W studics have indicated that 3.0 million DN for hydrogen is achicvable
with modest development. Although higher effective DNs are possible with hydrostatic bearings, higher speeds



complicate the pump design and drive the turbine toward partial admission (lower efticiency). The effect of
turbopump speed was cvaluated independently at 25,000-pounds thrust in the full-expander cycle.

Vaneless back-to-back, oxygen-hydrogen turbopumps are the bascline design for all cycles except the dual-
expander cycle. Back-to-back turbines must operate with a single turbine drive and could not be applied to the
dual-expander cycle. A discussion of cach of the engine cycles and some component evaluations, which were
also conducted, is contained in the following sections.

Turbopump Configurations

High turbopump efficiency is an important requirement for attaining high chamber pressure. One important
issue is partial-admission versus full-admission turbines. The RL10 expander cycle engine initially had a partial
admission turbine (approximately 120° admission), however, beginning with the RILI0A3-3, the RIL10 has used
a full-admission turbine with a total-to-static efficiency of over 80 percent. A parameter used in turbine design,
specific speed, illustrates the maximum obtainable efficiency and the optimum type of turbine. Figure 3 presents
a specific speed clficiency curve. The STV cycle requires a high specific speed and a 2-stage, full-admission
configuration to provide high turbine efficiencies.

Another issuc investigated was turbine contiguration.  Back-to-back, counter-rotating, oxygen-hydrogen
turbopumps were selected for the parametric study on the basis of their high turbine efficiency and compact
packaging. A schematic of the concept is shown in Configuration A of Figure 4. Such configurations are not
unique; they have been used for some time in gas turbine turbofan engines, but have not as yet been used in
rocket engine turbomachinery. The configuration climinates turbinc-to-turbine pressure drop and decreases the
intet and exit guide vane losses. The contiguration also provides a weight reduction by climinating one turbine
housing and inter-turbine ducting.

During independent component design studies conducted by P&W, analysis indicated possible rotor dynamic
instabilitics with some fuel pump configurations. Development of suitable damping techniques appears practical,
but an alternative approach is usc of a split rotor fuel pump driven by back-to-back turbines as shown in
Configuration B of Figure 4. This configuration provides much shorter fuel turbopump shaft length for improved
rotor dynamics at the expense of some of the weight and performance advantages of Configuration A.

Full-Expander Cycle

In the full-cxpander cycle, depicted in simplified form in Figure 5, fuel is pumped to a high pressure and
used to cool the chamber and nozzle assembly and drive the turbopumps. The gaseous fuel is then injected into
the main chamber to mix and burn with the liquid oxygen.

An advantage of any expander cycle engine is the relatively benign turbine environment compared to the
staged combustion or gas generator cycles. The expander cycle also has lower turbopump discharge pressure
requirements than the staged combustion cycle and higher performance than the gas generator. An expander
cycle engine is accepted as a simpler, safer, more reliable propulsion system, having fewer failure modes than
other cycles. The expander engine, of which the RLL10 is an example, is a flight-proven concept.

The full-expander cycle relies on heat transferred from the chamber and nozzle to provide the energy
required by the turbopumps. At low design thrust levels, the energy available in the cycle is sufficient to provide
high chamber pressure levels. However, as design thrust increases the maximum achievable chamber pressure
declines, as shown in Figure 6 for both copper tubes and milled channel copper chambers. Above an engine
design thrust of 35,000 pounds, full-expander cycle engine chamber pressures are limited to just under 1500
psia bascd on the assumed technology level.



Throttling the full-expander cycle through the desired 20 (o 1 range presents some difticull design challenges.
Using the entire fuel flow for cooling, as thrust levels decrease, the coolant exit temperatures increase. High
mixture ratio operation also presents a cooling problem for the full-expander cycle. The reduced fuel low at
the higher mixture ratios increases the chamber wall temperatures, reducing the chamber desien life. These
limitations can be partially offset by reducing combustor length, use of overcooling at the design point, or
bypassing part of the flow at the design point and using all of the low at off-design. However, these approaches
introduce additional system complexity and cycle losses.

Overall, the full-cxpander cycle meets STV propulsion system requirements, but cooling requircments for
throttling and high mixture ratio operation would cither limil operation in this regime, require cycle comprounnises,
or require added control provisions.

Split-Expander Cycle

In the split-expander cycle, shown schematically in Figure 7, a portion of the fuel bypasses the chamber
and nozzle coolant passages and most of the turbomachinery. The split-expander retains the advantages of
the full-expander discussed carlier and offers an additional benefit. With approximately hall” of the fucl flow
routed from the Ist-stage pump discharge directly to the injector, the turbopump horsepower requirements lor
the split-expander cycle in a typical STV cycle are decrcased by approximately 15 to 25 pereent.

The energy available in the split-expander cycle is the same as the tull-expander cycle tor a given thrust
and chamber pressure level. However, since the horsepower requirements of the turbopumps are less, the split-
expander cycle can achieve higher chamber pressure levels at the same technology level. As shown in Figure
&, the split-ecxpander cycle with a tubular copper chamber can achieve engine chamber pressures above [S00 psi
at engine thrust levels of 12,000 to over 50,000 pounds. The maximum chamber pressure is approximately 150
psi higher with tubular chambers than milled channel chambers.

At thrust levels below 25,000 pounds, the maximum chamber pressure with the split-expander begins to
drop. This decline is due to thrust chamber cooling requirements rather than cycle limitations, The decline could
be avoided by reducing the fraction of cooling jacket bypass flow, however, significant reduction in the design
point bypass flow would reduce the inherent advantages of the split-expander for off-design operation.

The ability to regulate chamber and nozzle coolant flow during engine throttling and high mixture ratio
operation is an important benefit of the split-expander cycle. Because of the reduced coolant flow at full thrust,
the coolant exit temperature of the split-expander is higher than the full-expander. As will be discussed later, the
coolant exit temperature of the full-expander cycle rises as the engine is throttled. By using the split-expander
Jacket bypass valve (JBV) to increase the percent of coolant low, the coolant exit temperature can be decreased
up to a point during throutling. At some fraction of rated power, 30 percent in the case studied, the IBV is
completely closed and the cycle operates like a full-expander. However, because the coolant passages for the
split-expander are designed tor a lower low at rated power, the combustor wall stabilizes at a lower temperature
during deep throttling, as shown in Figure 9. The full-expander curve shown in that figure is for a case thal
has not been optimized for cooling at throttled conditions. Tower temperatures can he obtained, but not without
some compromise to the design point or increase in control system complexity.

High mixture ratio operation is also enhanced with the split-expander cycle. Using the BV 1o increase
the percent of coolant flow, the split-expander cycle is able to operate at higher mixture ratio levels with a
lower combustor wall temperature. Figure 10 shows the cooler copper tube wall temperature attained with the
split-expander cycle compared to the full-expander cycle. The difference in wall temperatures at the design point
is because the data are for a throttled OO0 psia condition. For a thrust chamber that has been designed at an
O/F of 6.0, 1000 psia is the highest chamber pressure that can be achieved while limiting the maximum hot wall
temperature in the chamber to 1060°R (the blanching limit).



The full-expander cycle wall temperatures, which were shown in Figure 10, do not represent an optimized
cooling scheme for high mixture ratio operation. This optimization cannot be accomplished, however, without
significant cycle penaltics at normal operation. Low wall icmperatures are essential at high mixture ratio operation.
The maximum wall temperature range for prevention of copper oxidation is 1060 to 1260°R without coalings.
Use of coatings could reduce the wall temperature, but reliable coatings are not currently available and any
coaling will reduce the overall heat transfer and the available cycle power.

The split-cxpander cycle is an untested concept, but is based on fully understood fluid dynamic and
thermodynamic principles. The split-expander cycle offers an attractive alternative to the full-expander cycle,
meeting STV requirements over the desired thrust range, and greatly simplifying throttling and high mixture
ratio operation.

Dual-Expander Cycle

Another variation of the expander cycle is the dual-expander cycle shown in Figure 11. The dual-expander
cycle uses all the fuel flow to cool the chamber and drive the fuel wrbopump. Oxygen is vaporized in the nozzle
or an auxiliary heat exchanger and subsequently used to power the oxidizer turbopump. This cycle ofters several
advantages over both the full- and split-expander cycles. The oxygen turbopump does not require a special
interpropellant seal package between the pump and turbine sections. The availability of gascous oxygen at all
thrust levels, simplifics the task of maintaining combustion stability during throttling. Separate turbine drive
fluids simplify mixture ratio control, but add complexity to transicnt control.

For a given thrust and chamber pressure level, the energy available to the dual-expander cycle is the same
as both the full- and the split-expander cycles. The turbopump horsepower requirements and the fuel pressure
level are comparable (o the full-cxpander. Because oxygen is less efficient as a turbine working fluid, and there
is less flexibility in the split in turbine available energy, the dual-cxpander cycle is more pressure limited than
the other cycles. Figure 12 shows the maximum chamber pressure attainable with the dual-expander cycle for
both copper tubular and milled channel combustion chambers.

Above an engine thrust level of approximately 20,000 pounds, the dual-expander cycle cannot achieve
chamber pressures above 1200 psia without use of regenerators or internal heat exchangers to provide additional
energy to the cycle. While regeneration is possible, the achievable pressure would always be ower than with the
same enhancements in a full-expander cycle except at low thrust (below 7500 pounds). At low thrust, expander
cycles are limited by the hydrogen temperature out of the cooling jacket; allowing the oxygen to absorb a portion
of the energy increases the total energy available within the temperature limit.

Using liquid oxygen to cool the nozzle also provides a source of gascous oxygen to supply tank pressurant
and promote combustion stability during deep throttling, negating the need for a variable area injector or a
separate heat exchanger. However, experience has shown that achicving good mixing with gaseous fuel and
gaseous oxidizer over a wide range of conditions is difficult, and combustion efficiency may suffer at throttled
or high mixture ratio conditions.

Like the split-cxpander cycle, the dual-cxpander cycle is an untested concept. The dual-expander cycle
differences from the proven full-expander cycle also are based on understood fundamental fluid dynamics and
thermodynamics. Technology questions, such as turbine material characterization in gascous oxygen and control
during deep throttling and high mixture ratio operation, need o be addressed. Despite its pressure limits at
maoderate thrust and more complex operation compared to other expander cycles, the dual-expander remains a
candidate for the STV, but primarily at low design thrust levels.



Regenerators and Enhanced Heat Transfer

A higher chamber pressure at higher thrust levels can be achieved through use of a regencrator or enhanced
thrust chamber heat transter in the full-expander and dual-expander cycles. The split-expander cycle can also
benefit from enhanced heat transfer, but the lower chamber coolant flows do not provide adequate cooling when
greatly enhanced heat transfer is used below 50,000-pounds thrust. The function of a regenerator is (o increase
the available turbopump power by recovering heat downstream of the turbines and using it to preheat the fuel
before cooling the thrust chamber (Figure 13). Enhanced chamber heat transfer increases the available power 1o
the turbines and can be achieved by using tinned cooling tubes and ribbed chamber walls.

The upper limit chamber pressure for the full-expander cycle with regeneration is shown in Figure 14, The
enhancement of the full-expander cycle with the addition of a regenerator, provides a significant increase in
chamber pressure over the entire thrust range.

Cycle Selection

Figure 15 compares the four cycles studied on the basis of copper tubular thrust chamber construction. Figure
16 shows the same comparison using a milled channel copper chamber instead of tubular copper chambers. The
full-expander cycle with regeneration produces higher chamber pressure levels, but the higher coolant temperature
at the design point aggravates the already difficult job of cooling at throttled or high mixture ratio operation,
Enhanced chamber heat transter accomplishes the same results, but also raises the same conceerns, Bypassing the
regenerator at off-design conditions partially alleviates this problem.

On the basis of this comparison, the full-expander cycle with regeneration was judged o have the highest
chamber pressure capability over the range of thrust considered. The capabilitics of the split-expander cycle
and full-expander cycle without regeneration were only slightly lower over most of the thrust range. The split-
expander cycle was found to have unique advantages for throttled and off-design operation. The full-expander
cycle with regeneration and the split-expander cycle were therefore selected as the cycles for developing the
parametric data. The split-expander cycle was sclected as the baseline for the throttling and high mixture ratio
evaluation and the full-expander cycle with regeneration was given secondary consideration.

PARAMETRIC DATA

Engine parametric performance envelope and weight data were generated over the range of design point
parameters studied (Table 2). The data are presented in graphical form in Appendix A, All data are for an
oxidizer/tuel (O/F) ratio of 6.0.

TABLE 2. — ADVANCED ENGINE STUDY RANGE OF DESIGN POINT PARAMETERS
Vacuum Thrust 7500 to 50.000 Ibf
Chamber Pressure 1000 psia to cyele limit
Iixpansion Ratio Regenerative terminus to 1200

The upper limit chamber pressures presented in the “cycle selection” section ranged from 1040 to 1940 psia
for the various cycles and thrust levels investigated. These limits are not absolute, but rather are relative timits
based upon the assumed technology level chosen lor this study. Chamber pressures above 2000 psia appear
possible for most cycles at most thrust levels (refer to the “Higher Chamber Pressure Requirements™ section).
However, an upper limit of 2000 psia was sclected for developing the parametric data. The following paragraphs
describe the methodology used to produce the parametric data.
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Performance

In calculating the predicted impulse, an ideal impulse was calculated, and then efficiencies were applied
to the ideal impulse to account for various losses. These losses include energy release losses, kinetic losses,
divergence losses, and boundary-layer losses.

The ideal predicted impulse was calculated with the NASA one-dimensional chemical equilibrium computer
code (ODE) analysis using engine inlet fluid enthalpies. For this analysis, an adiabatic assumption was employed
with the control volume encompassing the engine. The propellants enter the control volume at the engine inlet
and cxit the control volume at the nozzie exit plane. The energy release losses are accounted for by applying a
combustion efficiency to the ideal impulse. For this study, a constant combustion efficiency of (0,992 was used
which is based on performance expected with tangential swirl injectors. The remaining losses are accounted for
by applying a nozzIe efficiency to the impulse that has been corrected for energy release losses. For this study,
a constant nozzle efticiency of 0.982 was used which is based on a maximum payload truncated bell nozzle.

A comparison was made between the method of performance prediction used in this study and experimental
data presented in Table 3 (ref. 1). To make a valid comparison between the predicted and measured performance
a few assumptions were made. First, the combustion efficiency (pC*) that was calculated from the experimental
results was used in calculating the predicted performance rather than the constant combustion efficiency that
was used in the study.

Second, typical cryogenic engine inlet propellant conditions were used to caleulate the ideal specific impulse
instead of using the measured injector inlet conditions (ref. 1). The sccond assumption was made so as
to maintain the validity of the adiabatic assumption that was used in this study. During the experimental
performance measurements, the propellants were not maintained at cryogenic conditions, but were heated 0
ambient temperature by the atmosphere.  Also, as the propellants were combusted and expanded, heat was
removed by the water jacket that surrounded the throat region and the heat retaining capacity of the metal. The
ambient heat addition to, and the water jacket heat removal from, the propellants tend o offset one another,
thus validating the adiabatic assumption.

As shown in Figure 17, the comparison shows best agreement around an O/F of 5.0 for the 1030 to | arca
ratio and best agreement around an O/F of 4.0 for the 428 to 1 arca ratio. The difference between the predicted
and experimental performance at the lower mixture ratios is probably due to the reduction in heat flux at tower
mixture ratios while the ambient heat addition remains constant.

The chamber pressure levels from the experimental cases are much lower than those investigated in this
study. The study (ref. 1) indicated that a laminar boundary layer assumption showed the best agreement with
the experimental data. However, subsequent studics by NASA Lewis (ref. 2) indicate that for higher chamber
pressure levels (360 to 2600 psia) a transitional boundary layer occurs. Although no performance data were
presented. the transitional boundary layer would probably be detrimental to performance.

The parametric analyses show that thrust level has no effect on vacuum specific impulse while chamber
pressure has very little effect, i.c., less than 1 second increase in going from a chamber pressure of 1000 psia
to 2000 psia (Figure 18). Arca ratio is the biggest driver of specific impulse. An arca ratio above 900 would
be required to achieve a 480 scec vacuum I, based on the current data.
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TABLE 3. — COMPARISON OF P&W PREDICTED PERFORMANCE (L)' WITH MEASURED
PERFORMANCE (Ign) FOR THE NASA LEWIS 1030 TO 1 AREA RATIO NOZZIE (REF 1)

Reading AR FVAC rc o L Lo Lpi/ L
112 1030. S44.4 360.0 3.84 450.1 4089 0.973
113 1030. 541.6 3569 4.36 4577 4604 0.994
14 1030. 552.3 3609 5.08 459.2 4519 1016
115 1030, 550.4 355.3 549 458.0 449.7 1.020
117 1030. 531.5 356.2 319 4518 4734 0.954
120 1030. 546.1 355.2 4.30 457.7 466.1 0.982
121 1030. 5529 360.0 411 457.7 173.6 0.966
123 1030. 5343 355.2 319 451.8 481.1 (VORD]
124 1030. 536.4 3ol 4 278 7.4 4813 0.929
125 1030. 541.0 3540 374 155.6 4778 (0.953
130 428. 5009 345.60 3.04 4467 462.3 0.960
137 428. 531.6 356.8 4.29 4533 452.6 1.002

Notes:

“)lspC was caleulated using one-dimensional equilibrium (with Engine Inlet Enthalpies). a
constant nozzle efficiency (0.982). and the experimentally determined 5¢*.

Engine Envelope

Engine overall lengths and exit diameters were calculated over the range of specified operating conditions.
The length of the engine is from the gimbal mount to the nozzle exit planc and consists of three separate lengths.
The first length is the distance from the engine gimbal mount to the injector face. This was estimated from
layouts of engines of comparable thrust. The length of the combustion chamber, the second fength, was held
constant at 15 inches. The remainder of the engine Iength is the distance from the throat (0 the nozzle exit
plane. A maximum payload bell nozzle contour was generated for the chamber pressures, thrust levels, and
nozzle expansion ratios of the parametric study. The engine diameter is the exit diameter of the nozzie and is
a function of the thrust level, chamber pressure, and expansion ratio.

Weight

Parametric engine weights were generated over the range of specified operating conditions.  Historical
thrust/weight data were used to estimate these weights with adjustments being made for size, cycle, material,
and technology differences. These adjustments included nozzle weights which were calculated as a function
of nozzle surface areas. The difference in weight between the split-cxpander cycle and the full-expander cycle
with a regenerator were accounted for by adding or removing components. Analysis of the results, eiven in
Appendix A, show a slight weight advantage for the split-expander cycle when compared to the Tutl-cxpander
cycle with regenerator,

Nozzle Contour Trade-off
The maximum payload bell nozzle contour, used throughout the parametric study, 18 a rather long nozzle
that is used to attain high specitic impulse. A sensitivity study was conducted to calculate the effect of nozzle

contour on the trade-off of length and weight with performance. Nozzle contours from a minimum length 1o a
maximum performance were examined for a chamber pressure of 1500 psia. The results are presented in Figures

11



19 and 20 for the nozzle expansion ratio range of interest and show that going to a shorter nozzle can decrease
engine weight by up to 12 percent for a high arca ratio (1200 to 1) enginc while dropping performance only
approximately 1.0 second. However, for a relatively low area ratio (210 to 1) engine, performance decrease by
almost 3 seconds when a minimum length nozzle contour is used while engine weight drops by only 3.5 percent.

HIGHER CHAMBER PRESSURE REQUIREMENTS

The upper limit chamber pressures, discussed in the “cycle selection” section, were based on rather
conservative assumptions of mid-1990s technology. Selection of the technology level for the cycle comparison
was driven by these considerations:

« There appears to be little increase in specific impulse or system performance at chamber pressures
above 1000 to 1500 psia.

«  Not pushing the system design and associated technology levels to extreme limits provides margin for
system flexibility, thereby simplifying throttling and high mixture ratio operation.

« Not pushing system design and technology levels to extreme limits reduces development difficulty
(program risk) and helps ensurc a high level of reliability.

Higher pressures are possible and may, under some circumstances, be worth the additional complication.
A system sensitivity study was conducted to determine which of the cycle parameters in the original study
most significantly limited chamber pressure and to show how modifying these variables could extend chamber
pressure limits.

The cycle parameters used in the sensitivity study are listed in Table 4. As appropriate, the parameter
sensitivity was investigated for both the split-expander cycle and full-cxpander cycle with regeneration.

TABLE 4. — APPROACHES TO HIGHER CYCLE CHAMBER PRESSURE
Cycle Parameter Means of Achieving
Improvement Cycle Improvement
Higher Pump Efficiency Full-Expander With Regenerator Higher Pump Speed, Reduced Pump
Split-Expander Leakage
Higher Turbine Efficiency Full-Expander With Regenerator Higher Turbine Speed, Reduced Tip
Split-Expander Leakage
Higher Turbine Pressure Ratio Full-Expander With Regenerator Higher Pump Discharge Pressure
Split-Expander
Coolant Jacket Bypass Flow Split-Expander Increase Bypass Flow to Obtain
Higher Turbine Inlet Temperature
Regenerator Effectiveness Full-Expander With Regenerator Larger, More Effective Regenerator
Increased Thrust Chamber Heat Full-Expander With Regenerator Tubular Chamber,
Transfer Split-Expander Increased Thrust Chamber Length

The effect of pump efficiency on maximum achievable pressure is shown in Figures 21 and 22 for the (wo
cycles. For the split-expander cycle, an increase of 5 percent in fuel and oxidizer pump efficiency over the
bascline cycle pump cfficiencies (approximately 65 percent for the fuel pump and 75 percent for the oxidizer
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pump) produces an increase of 150 psi in chamber pressure if all other cycle variables are held constant. Fuel
pump efficiency improvements could be achieved by developing hydrostatic bearings 1o operate well above the
baseline cycle turbopump speed (125,000 rpm for the tuel pump) or by reducing internal pump leakage below
current state-of-the-art projections. For the full-expander cycle with regeneration, a 5 percent increase in pump
efticiency provides a 170 psi increase in chamber pressure.

Figures 23 and 24 show the effect of increases in turbine cfficiency on chamber pressure. A 5 percent increase
in fuel and oxidizer turbine efficiency over the baseline values of 80 to 85 percent produces an 85 psi chamber
pressure increase for the slit expander cycle and a 95 psi increase in the full-expander cycle with regeneration.

All of the cycle studies prepared under the study have been based on a turbine pressure ratio of 2.1, Pratt &
Whitney experience has shown that a pressure ratio of 2.1 produces a chamber pressure that is near, but slightly
below the maximum that can be achieved. However, higher turbine pressure ratios produce only slightly higher
chamber pressures at the expense of a very high head rise and discharge pressure requirement on the pump. This
trend is shown in Figures 25a and 25b. For the full-expander cycle with regeneration, increasing the turbine
pressure ratio to 2.4 increases chamber pressure by only 90 psi, while requiring an increase in pump discharge
pressure of 1000 psi. Similarly, for the split-expander cycle, where the maximum chamber pressure is achieved
at a turbine pressure ratio of 2.6 the chamber pressure is increased by only 120 psi over the reference vatue. Yet
the balanced cycle at the pressure ratio of 2.6 requires a large increase in fuel pump discharge pressure to 6600
psia compared to the reference pump discharge pressure of 5100 psia.

The split-expander cycle has a unique variable that can be optimized for maximum pressure, i.¢., the fraction
of the fuel that bypasses the cooling jacket and turbines. All of the unthrottled split expander cycles prepared
under this study have been based on 50 percent bypass flow. At low thrust (below approximately 20,000 pounds),
the optimum bypass flow for maximum chamber pressure is below SO percent; however, 50 percent was used
as a minimum in the split-expander cycle to provide flexibility for cooling with throttling or high mixture ratio
operation. As shown in Figure 26, increasing the jacket bypass flow at 25,000 pounds of thrust would produce a
small increase in maximum chamber pressure at the expense of a significant increase in turbine inlet temperature.

In the full-expander cycle with a regenerator, the regenerator heat transter effectiveness is a design variable
that affects available power. A relatively low effectiveness was used in the cycle comparison study because
of cooling limitation at low design point thrust and problems associated with throttling with the regenerator in
the cycle. At the 25,000-pound thrust level, a higher regenerator effectiveness is feasible and can provide a
significant increase in achicvable chamber pressure, as shown in Figure 27.

The effect of increased thrust chamber heat transfer was determined for both the split-expander cycle (Figure
28) and the full-expander cycle with regeneration (Figure 29). Chamber heat transfer enhancement with a tubular
chamber has been estimated to be 18 percent over a milled channel chamber due to the increased hot side
surface area. This is the value used in the cycle comparison study. The actual heat transfer enhancement with
tubular chambers could be significantly more than 18 percent. An additional 10 percent increase in the predicted
heat transfer (110 of 118 percent) could increase chamber pressure by 80 psia for the split-expander cycle and
by 60 psia for the full-expander cycle with regeneration. The chamber heat transfer can also be increased by
lengthening the thrust chamber.

The baseline length for the candidate cycle thrust chambers is 12.3 inches. Figures 30 and 31 show the
impact on chamber pressure of increasing this length to 16 inches for the split-expander cycle and the full-
expander cycle with regeneration, respectively. A 14.7 inch chamber length raises the achievable chamber
pressure by 95 psia for the split-cxpander cycle engine. Above that length, however, the coolant pressure loss
increase, associated with the enhanced heat transfer, exceeds its benefits and results in a lower attainable chamber
pressure. The full-expander cycle with regeneration experiences an increase in chamber pressure of 54 psia for
the same 14.7 inch long chamber.



Based on the above results of this sensitivity study, an extended chamber pressure limit design was generated
for each cycle. Moderate levels of improvement were selected for each parameter to stay with optimistic, but
not unrealistic, state-of-the-art technology for the mid-1990s. Table 5 lists the chosen improved cycle parameter
values. Tables 6 and 7 present the higher chamber pressure cycle data for the split-expander and the full-
expander with regeneration, respectively. The split-expander cycle achieves a chamber pressure of 2044 psia
with a resulting pump discharge pressure of 6923 psia and an oxygen turbopump turbine inlet temperature of
1556°R. The full-cxpander cycle with regeneration attains a 2198 psia chamber pressure with a pump discharge
pressure of 7572 psia and a turbine inlet temperature of 957°R.

TABLE 5. — CYCLE PARAMETERS IMPROVEMENT VALUES
Split-Expander Full-Expander
Cycle Cycle W/Regenerator
Turbine Pressure Ratio 2.2 22
Pump Efficiency, % +5 +5
Turbine Efficiency, % +5 +5
Jacket Bypass, % 55 N/A
Regenerator Effectiveness, % N/A +10
Increased Chamber Length, in. +2.4 +2.4
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TABLE 6. — ADVANCED ENGINE PARAMETRIC STUDY, SPLIT-EXPANDER
ENGINE

L PR PR PR PR PRIy

CHAMBER PRESSURE 2043.7
VAC EMGIME THRUST 25000.
T TOTAL EMGIME FLOM 2:TE s2.07
DEL. vac. 1sp <80.1
THROAT 42€A 5.99
NOZZLE 4R€A RATIO 1000.0
NOZZLE EX[T DIAMETER 87.34
ENGINE RIXTURE RATIO €.00
ETA C« 0.993
CHAMBER COOLANT DP 136S.
CHAMBER COOLANT OF 1409,
NOZZLE/CHAMBER Q 17209,

ENGINE STATION COMDITIONS

LR P PR Y LI ]

* FUEL SYSTEM CONDITIONS »

STATION PRESS TE-P FLOW ENTHALPY
B.P. INLEY 18.6 37.4 7.64 -107.%
B.P. EXIT 100.2 8.4 7.64 -103.2
PP IMLET - 100.2 5.4 7.44 -103.2
IST STAGE EXIT 2740.6 7e.5 7.44 €5.¢6

JBVY INLET 2705.4 7.0 4.0% 65.46

JBY EXIT 229%.6 80.2 4.09 65.4
240 STAGE EXIT <g%0.2 112.3 3.35 221.7
et EXIT é322.8 1¢5.8 3.35 3s9.5
COOULANT INLET 6853. ¢ 16s.3 3.3% 369.5
CDOLANT EXIT 5488.2 18952 3.3% 5507.4

TBY [MLET S£21.¢ 1555.% 0.17 $507.4

TBY EXIT 24¢8.3 1827.% 0.17 $507.4
o TRB IMLET 5¢I%.4 1555.3 3.18 $507.4
@ TRE EXIT <g93k.3 1517.7 I.18 $350.4
W TRB INLET 8443 1s17.7 3.18 5380.4
M2 TRB EXIT 2571.6 133:.2 3.18 6645.6
2 TRB DIFFUSER 507.9 1333.7 3.18 4645.6
2 BST YR8 IN 2482.9 1333.7 .18 464S.6
2 BST TRE OUT 2482.3 1331.2 3.18 £635.6
*C BST TRB OIFF 2¢87.1 1311.3 3.18 4635.6 g.:5%
a BST TRB IN 26228 1231 .4 5.18 “635.6 0.33
a2 BST TRB OUuT ¢S B3-S ] 3.18 4630.2 0.2
a2 B8ST TRB DIFF 2670.4 13:2.0 3.18 4630.2 0.I3%

Q2 TANK PRESS 13e2.9 0.0044 4674.0 0.0QCe
GOX HEAT EXCH 'W 2¢ 13¢2.% 3.34 <874.0 6.2
GOX HEAT EXCH OUT 22 13<1.7 3.3¢ <671.0 0.2
MIXER MOT IN 2 1341.7 3.3¢ <é671.0 0.32
WIXER COLD IN 22 80.2 4.09 65.6 <.14
®N{XER OUT 22 622.0 7.64 2136.% 0.é4
FSOv [MLET 22 €22.0 7.64 2136.95 Q.64
FSOV EXIT 22 2.3 7.44 2136.5 0.62
OHAMBER INY 21 #22.4 7.44 2136.5 6.62
CHAMBER 2843.7

* OXYGEN SYSTEM CONDITIONS «

STATION PRESS T FLOM ENTHALPY DENRSITY
0.P. INLET - l1e.0 162.7 [ 1) 61.9 7a.99
s.P. EXIT 115.2 185.3 6&.? 62.3 70.8%
e INLET 135.2 165.3 6.7 62.3 70.8S .
PLa® EXIY 31gv.8 179 .8 44,7 72.8 71.68

02 TANK PRESS Is.0 4090.0 0.074 206.7 0.12
oSOV IMET 3274.7 178.9 6.7 72.8 71.63
oSOV EXIT 2291.7 18z.8 é.7 2.8 r0.12
OCV IMNLET 127¢.7 178.9 37.9 2.8 71.62
ocY EXIT 22%5.7 182.8 37.y 72.8 70.12
OWSBER TN 2270.7 182.9 LT 72.8 70.09
OHAMBER 20<3.7

& VALYS DATA «
VaLVE DELTA P ARZA FLOW T BYPASS
J8vY «Q6 6.15 &.0% 55.00
™Y 132s. 2.31 0.17 S.00
FsSov s7. 1.80 7.46
ocv b1 6. 21 [T
® [NJEZTOR DATA «

INJECTOR DELTA P RAEA FLOM
FUEL 156. 1.:% 7.¢¢
LoxX 227. .53 LTI 3}
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ADVANCED ENGINE PARAMETRIC STUDY, SPLIT-EXPANDER
ENGINE (Continued)

TABLE 6. —

Fedsdudannacevdrctenntretas s eee

¢ TURBOMACHINERY PERFORVANCE DATA «

L Y P PR Y PR PR PR Y PP

¢dedNdtadsacaauen

* M2 BOOST PUMP =

deadanacediqennas

Tesssactteenunaanes

« HQ BOOST TURBINE #

9eetdecsesncuaaanan

EFFICIENCY (T/T) 0.917 EFFICIENCY 0.804
EFFICIENCY (T/3) 0.688 HOR SEPOWER «5.
SPEED {(RPH) 41220, SPEED (RPM] 41229,
MEAN DIA (IN) 2.18 S SPEED 052,
EFF AREA (IN2) 1.78 HEAD (FT) Je80.
usc (ACTUAL ) 0.553 Dla. [S1.}) 2.43
Hax TIP SPEED <80. TP SPEED <518
STAGES ] VOL. FLOW 760,
Gara 1.453 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOM COEF a.201
PRESS RATIO (T/S) 1.01
HORSEPOMER «5.
EXIT MACH MUMBER 0.0¢
SPECIFIC SPEED 113.6¢<
SPECIFIC DIAMETER 0.7¢

aanscecequsnun R R ETYYT]

" M2 TURBINE « =2 PP =

ddsadaccnun

STAGE OME STAGE THWO STAGE THREE

4a  sdedvadqs

EFFICIENCY (T/T) 0.825 EFFICIENY 0.6e0 0.57S
EFFICIENCY (T/S) 9.787 HORSEPOMER 1778. 146,

SPEED (RPH1I 125000, SPEED (RPM) 125000. 125000,
HORSEPOMER . 3218. SS SPEED 11348.

MEAN Dla. (IN) 3.30 S SPEED €80. S40. 556.
EFF AREA ) 0.18 HEAD (FT) Bé73S. «%8Y5 . 67004,
usc (ACTUAL ) 0.426 DIa. (IN) «.12 i.18 5.18
Max TIP SPEED 1871. TIP SPEES 2248, 2061. 206t
STAGES 2 vOL. FLOw- 75%. 348, 348,
Garea 1.43 r€AD COET 0.5%2 0.530 Q.508
PRESS RATIO (T/T) 1.89 FLOW COE® C.088

PRESS RATIO (T/S) 1.96 CIAMETER RaTIOQ 0.30¢

EXIT MACH MMBER a.13 BEARING DN 3.00E-04

SPECIFIC SPEED 26.37 SHAFT DIAMETER 24.00

SPECIFIC DIAMETER 2.3

Nesudsnnaa XYY eesadmase
* 02 BOOST PP «

tesnNccudsdenanny

« 02 B80OST TURBINE =

“sdseccqenuauanunnaa

EFFICIENCY (T/T) 9.912 EFFICIENCY 0.803
EFFICIENCY  (T/S) 0.803 HORSEPOWER 5.
SPEED (RPHM) 11044, pg 23] (RPM) 11044,
HEAN DIa {IN) 5.9 S SPEED 31026.
EFF AREA (N2} 2.45 HEAD (FT) 242,
usC (ACTUAL) 0.553 ola. CIN} 2.13
Hax TIP SPEED 310, Ti? SPEED 132,
STAGES 1 VOL. FLOW 83,
Garea 1.43 HEAD COEF 0.450
PRESS RATIO (T/T) 1.00 FLOM COEF 0.203

PRESS RATIO (T/3) 1.0t
HORSEPOMER 2s.
EXIT MACH MUMBER 6.03
SPECIFIC SPEED 54.38
SPECIFIC DIAMETER 1.50

sesdendensanua

"R TRBINE =

EFFICIECY (T/T) 0.882
EFFICIENCY (T/S) 0.839
SPEED (RPM)  72054.
HORSEPOMER 462,
HEAN D1A {IN) 5.30
EFF AREA (w2 0.2¢
usc (acTuAL ) 0.541
MaX TIP SPEED 108¢.
STAGES 2
Gara 1.43
PRESS RATIOD (T/T) 1.12
PRESS RATIO (T/S) 1.12
EXIT MAOH MUMBER .04
SPECIFIC SPEED 317.66

SPECIFIC DIAMETER 2.05

canscaantan
« 02 PUP «
canedananne

EFFICLENCY

HORSEPOWER

SPEED (RPN

SS SPEED

S SPEED

HEAD (FT1

Dla. (IN)

TI> SPEED

vOL. FLOM

HEAD COEF

FLOW COEF

DI ETER RATIO

SEARING DN

SFiFT DILMETER

0.783
662,
22056
23942,
16%0.
(22499
2.18
84,
289.
0.434
0.148
0.678
1.4<E06
20.00



TABLE 7. — ADVANCED ENGINE PARAMETRIC STUDY, FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR

ENG[ME PERFORMANCE P AR AME TERS

LR R R R L R R T Y T T PR R PP pep

CHAMBER PRESSURE 21*8.0
VAC EMGIME THRUST J5000.
TOTAL ENGINE FLOW RATE $2.07
DEL. vaC. 1sP <89.1
THROAT AREA 5.57
NOZZLE AREA RATIO 1c¢o. 9
NOZZUE EXIT OIAMETER 84.24
ENGIMNE MIXTURE RATIQ 6.00
€TA Cn 0.993
CHAMBER COOLANT DP 1640.
CHAMBER CODOLANT DT 628,
NOZZLE/OHArBER Q 1708s.

EMGINE STATION CONDITIONS

¢ FUEL SYSTEM CONDITIONS »

STATION PRESS TEre FLOM ENTHALPY DENS1TY
8.P. INLET 18.4 37.4 7.4 -107.5 <.37
B.P. EXIT 100.9 38.4 7.4% ~-103.2 4.3
PUMP INLEY l100.9 8.4 7.45 -103.2 4.39
1ST STAGE €XIT 2592.5 72.8 7.45 S1.2 4.45%
2ND STAGE €XIT 5078.0 105.2 1.45 l02.8 4.5%4
PuUMP EXIT 7572.0 135.3 7.4% is1.8 “.66
COLD REGEN IN 769¢.3 135.9 7.48 3si.8g %.63
COLD REGEN EX 1421.¢6 328.4 7.45 1107.¢ 2.82
COOLANT IMNLET 7421.4 328.4 7.45 1107.¢ 2.82
COOUANT EXIT $780.% 95¢.7 7.45 5398.4 0.99
TBV IMLET 5723.1 57.1 0.37 3398.4 0.98
TBV EXIT 253é.9 177.9 0.87 3198.¢ 0.4é
02 TRB IMNLET 5728.1 957.1 7.07 1398 .4 0.98
02 TRB EXIT 5254.2 9395 1.07 I327.0 Q.92
H2 TRB INLET $254.2 93%.8 7.07 3327.0 Q.92
0 TRB EXIT 2726.4 820.0 7.07 2848.1 a9.58
H2 TRB DIFFUSER 2639.3 B820.4 r.07 2848.1 0.5¢
H2 BST TRB IN 2612.9 820.6 7.92 2848.1 0.56
H2 BST TRB OuT 25%6.2 819.¢ 1.07 2B43.§ 0.55
H2 BST TRB OIFF 2585.7 8l9.¢ 7.07 J843.¢ 0.55
02 BST TRB [N 2559.8 819.8 7.0? 843,46 0.5%
02 BST TRB OUT 2551.4 819.2 .07 7841.1 0.55
02 BST TRB OIFF 2549. 4 B1s.2 .07 8411 0.5S
HZ TANK PRESS 18.6 843.1 e.007t ZB6Y.0 0.0062
GOX HEAT EXCH IN 2536.9 827.1 7.44 2B8é%.0 0.54
GOX HEAT EXCH OUT 2524.2 824.8 7.44 2867.¢ 0.54
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CHAMBER 21%8.0
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* VALVE DATA «

VALVE DELTA P AREA FLOMW X 8YPASS
Tev I18e. 0.01 Q.57 5.00
FSOV (3 1.67 7.44
ocv 1057. 0.21 L6 .43

@ [MJECTOR 0ATa

INJECTOR DELTA P LREA FLO™
FUEL 145. 1.0¢ 7.4
Lox 264 e.S51 LY 34
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ENGINE-VEHICLE INTERFACES

The identified engine-vehicle interfaces are listed in Table 8, Redundant electrical and data connections are
suggested for reliability. Each instrumentation cable will carry multiple channels. The number of channels will
be determined based on the architecture of the engine-vehicle control interface.

TABLE 8. — ENGINE-VEHICLE INTERFACES

No. of

Description .
! Interfuces

Gimbal Bearing 1
Gimbal Actuator 2
Engine Oxidizer Inlet. Liquid Oxygen l
Engine Fuel Inlet, Liquid Hydrogen 1

Fuel Tank Pressurant. Gaseous Hydrogen 1
Oxidizer Tank Pressurant, Gaseous Oxygen 1
Electrical Power oth
Pneumatic TBD (0 or 1)
Data 2t
Notes:

th Required for redundancy

The gimbal mount is the primary engine attachment to the vehicle and provides the capability to gimbal
the engine through two gimbal actuator attachment points located 90 degrees apart on the engine. The engine
is configured with an extendable nozzle to reduce engine storage length. The engine envelope and mechanical
interfaces are depicted in Figure 32. The engine lengths (x) and diameter (y) correspond to the dimensions given
in Appendix A. The stored length (x’) is one-half the total engine length plus 6 to 10 inches depending on engine
thrust and undefined vehicle interface requirements.
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Pressure of 350 psia." NASA TP-2725, 1987.

2. Smith, T.A.: "Boundary Layer Development as a Function of Chamber Pressure in the
NASA Lewis 1030:1 Arca Ratio Rocket Nozzle." NASA TM-100917, 1988,
ATAA-88-3301.

19



100

80

Turbine
Efficiency ~ 60
o/o

40

20

Axial Full
Admission
Turbines

Close Clearance

L 50%
Reaction
A Full Admission ~ 0% Reaction
Impulse
RL10 Development History
RL10 A4 (1988)
Blades | Partial Admission £\ RL10 A3-3 (1965)
ades In
Aative Arc of () RL10 A3-1 (1960)
Admission = 100
66
| Axial Partial
Admission
Turbines
0% Reaction
Impulse
1 2 4 6 8 10 15 20 30 40 60 80100 150 200 300400 500

Turbine Stage Specific Speed, Ns Dimensional = N(QexiT)"2/(Headad }¥4; rpm(1t¥/sec) V2/(fty¥4

Figure 3. Turbine Efficiency Comparison
Q N Q O
LOX Fuel
Configuration A 4
Back-to-Back Fuel and Oxidizer Turbine
T T T T A~
! ' ) Q Q wil )
LOX ) | Fuel 2nd StQJ Fuel 1st Stg
Configuration B
Back—to—Back Fuel Turbine With Separate Oxidizer Turbine
Figure 4. Back-to-Back Turbine Configurations

20



Figure 5. Full-Expander Cycle
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Figure 6. Full-Fxpander Cycle Achievable Chamber Pressure
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Figure 11. Dual-Expander Cycle
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Figure 13.  Full-Expander Cycle With Regeneration
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Figure 16.  Full, Split, Dual, and Regenerator Cycle Comparison With Milled Channel Thrust Chambers
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Figure 21.  Advanced Split-Expander Cycle P. Improvement With Increased Pump Efficiency
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Figure 22.  Advanced Full Expander With Regenerator Cycle P, Improvement With Increased Pump Efficiency
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Figure 23.  Advanced Split-Expander Cycle P. Improvement With Increased Turbine Efficiency
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Figure 24. Advanced Full Expander With Regenerator Cycle P. Improvement With Increased Turbine Efficiency
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SECTION 1l
THROTTLING AND HIGH MIXTURE RATIO OPERATION

COMPONENT REQUIREMENTS

The throttling requirements for the study were set at a minimum throttling capability of 10:1 and an optional
requirement of 20:1. The baseline engine mixture ratio requirement was operation from 5.0 to 7.0 (6.0 + 1.0).
An optional requircment was to be able to operate oxidizer rich at a mixture ratio of 12.0. In many respects,
the component requirements for wide range throttling and high mixture ratio operation are similar; therefore, the
component discussion presented here covers both requirements.

The key technical issues for achieving wide range throttling and high mixture ratio operation are: (1)
achievement of high combustion efficiency over a wide thrust and mixture ratio range without excessive system
pressure drop and complexity, (2) the ability to adequately cool the thrust chamber over the wide range of
conditions required, (3) achievement of wide range control without undue control system complexity, and (4)
pump flow stability and avoidance of turbine flow separation at low flowrates. The split expander cycle was
selected as the baseline cycle for the throttling and high mixture ratio operation requirements study. The full
expander cycle with a regenerator was also considered. The design thrust level was 20,000 Ibs.

Combustion System

Low-frequency combustion instability is the primary combustion concern when throttling a rocket engine.
Low-frequency instability generally results from a low injector pressure drop being coupled to the combustion
process at low thrust. Three methods have been proposed to deal with this problem: high injector pressure drop,
dual-orifice injection, and gascous injection.

The high-pressure drop injector uses a simple, fixed-area injector sized to produce an acceptable pressure
loss at the lowest thrust level. However, at full thrust, with the flowrate increased twentyfold for 20:1 throttling,
the injector pressure drop becomes very high, resulting in high pump discharge pressure requirements. The
extra power required to meet the high discharge pressure requirements significantly reduces the achicvable cycle
combustion chamber pressure.

The dual-orifice injection concept provides wide range throttling capability without requiring high oxidizer
injector pressure drops at full thrust or oxidizer vaporization for gaseous injection. Separate control of the primary
and secondary oxidizer flow provides an adequate pressure drop through the primary at all flow conditions. At
low thrust all flow is diverted through the primary orifices, and, at intermediate thrust, the primary is used to
energize and atomize the secondary flow. The dual-orifice concept was derived from gas turbine engine fuel
injection technology and has successfully demonstrated high performance over a wide range of conditions. Under
Contracts AF-04(611)-9565, -9575, and -11611, the injector shown in Figure 33 demonstrated throttling ratios of
170:1 with fluorine/hydrogen. A similar concept using a dual-manifold tangential entry slot oxidizer element was
tested in the XI.R-129 oxygen/hydrogen preburner (Contract FO4(611)-68-C-0002) at pressures over 5000 psia
(Figure 34). The XI.R-129 tangential entry dual-orifice injection concept is currently being used in the preburner
for the SSME Alternate Turbopump Development (ATD) preburner injectors. Extensive spray characterization
has been completed under the ATD program. Figure 35 shows a single ATD preburner injection element at 100
percent and 10 percent of design flow.

Gaseous oxidizer injection also offers an effective method of achieving low-frequency combustion stability
at low-thrust levels. The dual expander cycle is aimed specifically at providing gaseous oxidizer for injection.
Mixing the gascous oxidizer with the gascous fuel over a wide range of operating conditions, however, is more
difficult than gas-liquid mixing, and lower combustion efficiency is likely to be encountered at some operating
conditions.
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A heat exchanger may be used with a fixed-area injector to provide gaseous oxygen at an acceptable pressure
drop at low thrust while maintaining reasonable injector pressure losses with liquid oxidizer at full thrust. This
concept has been proposed as a solution to low-frequency instability in earlier advanced space engines (the RL10
IIB and the OTV engine), but these engines did not have the requirement for continuous throttling. An engine
using a heat exchanger in conjunction with a single-element injector would require a more complex control
system to provide continuous throttling over the desired 20:1 range.

Based on this comparison, a dual-orifice injector was selected for additional evaluation for the study on
the basis of its versatility and potentially high combustion efficiency at full thrust, throttled, and high mixture
ratio conditions.

Thrust Chamber Cooling

Rocket engine cooling with throttling can present difficult design challenges. If the entire fuel flow is used
for cooling, as thrust level decreases, the coolant exit temperature increases. The temperature increases because
with a fixed-geometry thrust chamber, a reduction in thrust is accompanied by a proportional decrease in chamber
pressure and coolant flow, while the heat flux is reduced by approximately chamber pressure to the 0.8 power.
Under some conditions, the increasing coolant temperature can cause the thrust chamber wall temperature to
increase as the engine is throttled. If the wall temperature at full thrust is near the upper limit (as is desirable to
minimize coolant pressure drop), the allowable upper limit at reduced thrust may be exceeded. The upper curve
in Figure 36 shows a typical example. Cooling limits can be partially offset by reducing combustion length,
use of higher thrust chamber contraction ratio, use of overcooling at the design point, or bypassing part of the
flow at the design point and using all of the flow at off-design condition. Each of these approaches reduces
the cooling problem at throttled conditions, but cach imparts a cycle loss, increased thrust chamber weight and
volume, added control system complexity, or some combination of these design penalties.

The split expander provides a means of avoiding the throttling constraint associated with most other cycles.
Because of the reduced coolant flow at full thrust, the coolant exit temperature of the split expander is higher
than with a full-expander cycle. By controlling the split-expander jacket bypass flow to increase the percent of
coolant flow, the coolant exit temperature can be decreased up to a point during throttling. At some fraction
of rated power (30 percent in the case studied), the jacket bypass valve is completely closed, and the cycle
operates like a full-expander cycle. However, because the coolant passages for the split expander are designed
for low flowrate, the combustor wall stabilizes at a lower temperature during deep throttling, as shown in the
lower curve on Figure 36.

High mixture ratio operation is also enhanced with the split-expander cycle. By controlling the coolant
jacket bypass flow to increase the percent of coolant flow, operation at higher mixture ratio levels with lower
combustor wall temperatures is possible. Figure 37 shows the cooler wall temperatures attained with the split
expander cycle compared to a typical cycle.

Low wall temperatures are essential at high mixture ratio operation. The maximum temperature for prevention
of copper oxidation is 1060 to 1260°R without coatings. Use of coatings could reduce this limitation, but proven
coatings are not currently available, and any coating will reduce the overall heat flux and the available cycle power.

The full-expander cycle with regeneration also offers the potential for control of thrust chamber wall
temperatures. By reducing the amount of regeneration, the thrust chamber coolant temperature is reduced. The
cooling benefit of reducing the amount of regeneration is partially offset by the higher coolant density and lower
cooling velocity. Thus, cooling at throttled conditions with a regenerator in the cycle is more difficult than
throttled cooling with a split-expander cycle. Also, care must be taken not to reduce the amount of regeneration
at low thrust to the point that unacceptably low coolant velocity results. Figure 38 compares the coolant exit
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temperature for the case of all of the fuel passing through the regenerator with a case where a portion of the
jacket exit flow bypasses the regenerator. (The control scheme for bypassing the regenerator is preseated below.)
Without partial bypassing of the regenerator, the coolant jacket exit temperature greatly exceeds the allowable
copper wall temperature. With partial bypassing, the jacket wall temperature is held within acceptable limits,
as shown in Figure 39.

Wide Range Control

A conceptual control system for the split-expander cycle is shown in Figure 40. The jacket bypass valve
(JBV) is used to control the coolant jacket flow for throttled and high mixture ratio operation. The JBV also
contributes to thrust control. The oxidizer secondary control valve controls the oxidizer flow split between the
primary and secondary injector flow and provides mixture ratio control by throttling the oxidizer flow. These
two valves can also provide control of thrust down to approximately 60 percent. For deep throttling, a turbine
bypass valve is used to control thrust by reducing turbine power.

In the split-expander cycle, liquid hydrogen enters the engine inlet and flows through a single-stage boost
pump and proceeds onto a three-stage main pump. After the first stage of the main pump, 50 percent of the
hydrogen flow is diverted and routed through the JBV and to the mixer. The remainder of the hydrogen flow is
sent through the second and third stages of the pump to attain the high pressure required by the cycle and is then
used to cool the chamber and nozzle. A small fraction of the gascous hydrogen leaving the nozzle coolant exit
is diverted through the turbine bypass valve (TBV) and flows into the mixer. The rest of the coolant hydrogen
flow first powers the main hydrogen and oxygen turbines before being routed to the hydrogen and oxygen boost
turbines. The turbine flow is then used to provide energy to the oxidizer tank pressurant through a heat exchanger
and enters the mixer to join the bypass flows. The combined hydrogen flow then exits the mixer, flows through
the fuel shutoff valve (FSOV), and enters the injector for combustion in the main chamber. On the oxidizer side,
liquid oxygen enters the engine and flows through a single-stage boost pump and a single-stage main pump.
After exiting the main pump, the oxygen is split between the primary and secondary legs of the injector, with
the secondary flow controlled by the oxidizer flow control valve (SOCV). The flow routed through the primary
side flows through the primary oxidizer shutoff valve (POSV). The oxygen flow is subsequently injected into
the main chamber to combust with the hydrogen.

Figure 41 shows a conceptual control system for the full-expander cycle with regeneration. Because the
full-expander cycle has no bypass flow, thrust control is achieved entirely by the turbine bypass valve. The
turbine bypass flow is routed around the regencrator heat exchanger. As thrust is reduced, the amount of bypass
flow increases, thereby reducing the amount of regeneration.

In the full-expander cycle with regeneration, liquid hydrogen enters the engine inlet and flows through a
single-stage boost pump and proceeds onto a three-stage main pump. After exiting the main pump, the hydrogen
flows pass through a regenerator before being used to cool the chamber and nozzle. A small portion of the
gascous hydrogen leaving the nozzle coolant exit is diverted around the turbines through the turbine bypass
valve (TBV). The majority of the hydrogen flow is used to power the main hydrogen and oxygen turbines before
being routed to the hydrogen and oxygen boost turbines. After leaving the oxygen boost turbine, the flow travels
through the regenerator and mixes with the flow which bypassed the turbines. The hydrogen then continues on
through the fuel shutoff valve (FSOV) and enters the injector for combustion in the main chamber. The oxidizer
side of the cycle has the same configuration as the split-expander cycle. The liquid oxygen enters the engine and
flows through a single-stage boost pump and a single-stage main pump. After exiting the main pump, the oxygen
flow is split between the primary and secondary legs of the injector, with the secondary flow being controlled
by the oxidizer flow control valve (OCV). The flow routed through the primary side passes through the primary
oxidizer shutoff valve (POSV) and is subsequently injected into the main chamber to combust with the hydrogen.
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Turbomachinery

The turbomachinery concerns when throttling a rocket engine are flow stability on the pump side and flow
separation on the turbine end. As the rocket engine is throttled, propellant flowrates and turbopump speeds both
decrease. The main pump tends (o come down an operating line like that shown in Figure 42. As the pump
enters the low-capacity region, the head coefficient drops off, and the pump flow becomes unstable. One method
of avoiding this is to recirculate a percentage of the flow from the pump exit to the inlet; in cffect maintaining
a higher volumetric flow at the low-thrust levels. However, this increases the total enthalpy entering the pump
and may cause the pump to cavitate. To overcome this, the boost pump can be operated in a manner to produce
a higher pressure to the main pump, which together with the recirculated flow can effectively eliminate both
instability and cavitation. In addition to pump recirculation, several design features may be used to enhance
pump stability with throttled operation. One method is use of an inducer-interstage strut. The inlet struts scrve
to minimize induced pre-swirl during throttled conditions, thereby providing a steepened headflow characteristic
for improved pump stability. Figure 43 shows how these characteristics increased the head coefficient in the
350K and XL.R-129 high pressure fuel turbopumps, thereby allowing significant increases in throttleability.

Vaneless pump discharge collectors should be used on all stages, as opposed to stall-prone collectors with
incidence-sensitive vane or pipe diffusers. All stages should also employ low discharge blade angles to steepen the
head-flow characteristics for improved stability. Various advanced seal configurations may be used to minimize
parasitic leakages detrimental to pump stability at low flowrates. Moderate suction specific speed requircments
have been selected at design and off-design operation to avoid cavitation-induced instabilities. Various throttle
aids such as inlet back-flow collectors can also be employed.

Turbine flow separation is primarily a performance concern rather than an operational concern. The throttling
analysis completed under this study showed that the 20:1 range resulted in turbines which are close to separation.
One advantage that was demonstrated by the split-expander cycle is that, since the turbine is designed for only
half the flow at full thrust, when the engine is throttled down to 5 percent thrust, the turbine has more flow
separation margin in it than the full-expander cycle.

CYCLE DATA

The split-expander cycle and full-expander cycle with regeneration were selected for more detailed engine
studies. These studies consisted of an engine throttling investigation and a mixture ratio variation study. The
thrust chamber and nozzle configuration chosen for both the split expander and the full expander with regeneration
is shown in detail in Figure 44. The thrust chamber is 12.3 inches long, has a contraction ratio of 4.0, and is
constructed from copper tubing. The regenerative nozzle extends out to an area ratio of 210 to 1, and is built
from Haynes 230 tubing. A composite material nozzle extension increases the overall area ratio to 1000 to 1.
The design point selected for the throttling studies for each cycle is defined as follows:

Split Expander Full Expander With
Regeneration

Vacuum Thrust Level, tb 20K 20K
Inlet Mixture Ratio 6.0 6.0
Chamber Pressure, psia 1612 1764

Detailed cycle sheets for the full-thrust design thrust levels are located in Appendix B for each of the
engine cycles examined.
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Split-Expander Cycle

A throttling investigation was performed on the split-expander cycle, with cycle points generated at 100, 50,
10, and 5 percent of the design thrust Ievel while holding the mixture ratio constant at 6.0. (The throttled cycle
sheets detailing this investigation are located in Appendix C.) During engine throttling in the split-cxpander cycle,
the JBV, which was previously shown in Figure 40), is used to increase the percent of hydrogen flow available to
cool the thrust chamber/nozzle assembly. This increased coolant flow lowers the coolant exit temperature with
thrust level, as shown in Figure 45, while the JBV arca decreases according to the schedule shown in Figure
46. At 10 percent thrust the JBV is completely closed, and the cycle reverts to a full expander with all of the
hydrogen flow being used to cool the thrust chamber. As a result, the coolant exit temperature below 10 percent
thrust increases. The TBV opens (Figure 47) as thrust level decreases, allowing a greater percentage of the
coolant flow to bypass the turbine and causing system pressures and pump speeds o drop.

A major concern during deep throttling is low frequency combustion instability resulting from low oxidizer
injector pressure drops (< 5% AP/P.). Dual-orifice injection allows the effective injection area to be varied with
thrust level, giving an acceptable average injector pressure loss both at low thrust and full thrust, as shown in
Figure 48. The oxygen is injected using tangential swirl elements to promote momentum exchange between the
primary and secondary streams and the net injection velocity is sufticient for good atomization and ctliciency.

A mixture ratio sensitivity study was done on the split expander cycle for mixture ratios of S to0 7 and 12 at
the 20 kib thrust design level. The cycles generated for this study are given in Appendix Do A plot ot chamber
pressure and chamber/nozzle heat transfer versus mixture ratio is shown in Figure 49 for the 5 to 7 range.

Below the O/F of 6.0 level chamber pressure is lower than the design point chamber pressure, which can be
attributed to the reduced heat flux caused by the lower combustion temperature and increased power requirements
10 accommodate the higher fuel flows. The reduced heat flux limits the avaitable cycle power by decreasing the
turbine inlet temperature. The TBV is closed to maintain chamber pressure. When the 5 pereent margin designed
into the cycle reaches 0 as the O/F is lowered, chamber pressure and, subscquently, thrust decline. Converscly,
above an O/F of 6.0, there is a surplus of energy available to the turbine, and chamber pressure and thrust can
be maintained by opening the TBV. On the other side of stochiometric, at a mixture ratio of 12.0, the heat
flux in the chamber is again below the design level so that the maximum chamber pressure is limited 1o 1250)
psia. The inlct fuel flow is nearly 50 percent of design, so the IBV is closed, making all of the fucl available
for use as a coolant and turbine flow. With the increased mixture ratio, the horsepower split between the tuel
and oxidizer turbopumps changes and the fuel side is overpowered by the flow required by the oxidizer turbine.
To compensate for this, the fuel shutoff valve (FSV) is throttled to create a higher line loss downstream of the
turbines and to load the fuel system. The FSV must close to approximately 36 percent of its design flow arca.

Full-Expander Cycle With Regenerator

A throttling study was also conducted for the full-expander cycle with regeneration. The throttled cycles
generated were at 50, 10, and 5 percent of the 20,000 Ibs design thrust at a mixture ratio of 6.0, Detailed cycle
sheets for these throttled points are contained in Appendix C.

Unlike the split-expander cycle, the coolant flow cannot be controlled during throttling and. with the chamber
designed for full coolant flow, the coolant exit temperature rises during engine throttling, as shown in Figure 50
Al the 5 percent thrust level, the turbine inlet temperature is above 1200°R. The TBV opens during throttling
(Figure S1), bypassing a greater percentage of the hydrogen flow around the turbine, dropping pump speeds and
system pressures. Since the energy for the hot side of the regencerator is supplied by the turbine discharge flow, as
thrust decreases, the lower flowrate results in a relatively small increase in coolant inlet temperature (Figure 52).
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As with the split-expander cycle, a major concern during deep throttling is low-frequency combustion
instability resulting from low oxidizer injector pressure drops (< S% AP/P.). To maintain the required pressure
loss without having to vaporize the oxygen, the dual-orifice injector concept was used in the full-expander cycle
studies. The dual-orifice injector allows the effective injection area to be varied with thrust level, giving an
acceptable average injector pressure loss both at tow thrust and {ull thrust, as shown in Figure 53. The oxygen is
injected utilizing tangential swirl elements (o promote momentum exchange between the primary and secondary
streams, and the net injection velocity is sufficient for good atomization and efficiency.

Using the 20 kib thrust level as the design point, a mixture ratio sensitivity study was conducted with the
full-expander cycle with regeneration. The specific (/Fs studied were from 5 to 7 and 12.0. Detailed cycle
sheets for these operating points are contained in Appendix D. A plot of chamber pressure and chamber/nozzle
heat transfer versus mixture ratio is shown in Figure 54. The characteristics display the same trends for the
full-expander cycle with regeneration as those seen with the split expander cycle. At the lower O/F levels, the
cycle runs out of power and chamber pressure falls off. The coolant and turbine flow for the full-expander cycle
with regeneration, operating at high mixture ratio, is much lower than the design value; consequently, turbopump
performance suffers and the achievable chamber pressure is lower. At the mixture ratio of 12.0, the chamber
pressure drops to 1160 psia. As with the split-expander cycle, the FSV must be throttled to load the fuel system.
The valve is closed o under 10 percent of its design value. The selected control system with partial regenerator
bypass, as was previously shown in Figure 41, provides lower coolant exit temperature than achievable without
turbine bypass, but temperatures are still above current acceptable limits for copper thrust chambers. Either
improved materials, or a more complex control system that provides complete regenerator bypass, would be
required to achieve operation at a mixture ratio of 12.0. Either approach would be expected to reduce achicvable
chamber pressure over some portion of the mixture ratio range.

Face Plate
(Rigimesh)

Fuel Injection

Figure 33. Coaxial Dual Area Orifice Injector
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SECTION IV
RECOMMENDATIONS

Based upon the results of this study and related ongoing space engine studies at Pratt & Whitney, the
following recommendations are offered:

1.

Steps should be taken to investigate the key technology issues associated with design and
fabrication of copper tubular thrust chambers. These issues include: (a) determination of the
heat transfer enhancement associated with tubular chambers compared to smooth wall chambers,
(b) determination of cyclic structural life increases associated with copper tubes over milled
channel construction, and (¢) investigation of copper tube chamber fabrication techniques to take
full advantage of the total heat transfer and life advantages of copper tubular chambers.

The study should be expanded to investigate optimum cycles and design approaches for expander
cycle engines in the 50 to 200klbf thrust range.

Interface definition should be expanded in conjunction with system requirement definitions from
vehicle contractors.

Performance and envelope data should be updated as performance and technology levels become

better defined from such sources as the NASA-LeRC high area ratio performance investigations
and focused technology programs.
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APPENDIX A
PARAMETRIC DATA

Parametric data are presented in Figures 55 through 107,
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APPENDIX B
FULL-THRUST CYCLES

Full-thrust cycle data are presented in Tables 9 through 48.
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TABLE 9. — FULL-EXPANDER ENGINE - 7500 LBF THRUST (COPPER TUBE
CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1862.5
VAC ENGINE THRUST 7500.
TOTAL ENGINE FLDM RATE 15.62
DEL. VAC. ISP 480.1
THROAT AREA 1.97
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER so0.10
ENGINE MIXTURE RaTIO .00
ETA C» 0.993
CHAMBER COOLANT DP 791.
CHAMBER COOLANT CT 785.
NOZZLE/CHAMBER Q 6571.

ENGINE STATION CONDITIONS

u FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOM ENTHALPY DENSITY
B.P. INLEY 18.6 37.4 2.23 ~107.5 «.37
B.P. EXIT 100.4 38.5 2.23 -103.0 6.3
PUMP INLET 100.4 8.5 2.23 -103.0 4.39
1ST STAGE EXIT 1896.8 €9.3 2.23 26.% %.27
2ND STAGE EXIT 3618.5 *?.8 2.23 146.9 %.2%
PUMP EXIT 5287.6 124.3 2.23 266.1 6.28
COOLANT INLET 5234.8 126.7 . 2.23 266.1 6.26
CODOLANT EXIT 4443.6 $99.5 2.23 320%.3 0.82

TBY INLET %399.1 09.8 0.1} 320%.3 0.81

TBV EXIT 2086.4 925.6 0.11 3208.3 0.40
02 TRB IMLET 4399.1 *09.8 2.12 3205.3 0.81
02 TRB EXIT 4003.3 B893.6 2.12 3138.4 0.76
H2 TRB IMLET 4003.3 BY3.é 2.12 3138.4 0.76
H2 TRB EX17Y 2209.2 796.1 2.12 2751.9 0.6Y
H2 TRB DIFFUSER 2182.0 7%6.3 2.12 2751.% 0.8
H2 BST TRB IN 2160.2 7%6.3 2.12 2751.% 0.48
H2 BST TRB OUT 2141.2 795.2 2.12 2747.1 0.48
H2 BST TRB DIFF 2126.1 7%5.3 2.12 2747.1 0.47
02 BST TRB IMN 2104.9 795.46 2.12 2747.1) 0.47
02 BST TRB OUT 2096.3 7%.8 2.12 2744.6 0.47
02 BST TRB DIFF 2094.8 7%.8 2.12 2764.6 0.67

H2 TANK PRESS 18.6 814.2 0.0022 2767.6 0.0043
GOX HEAT EXCH IN 20864.4% 801.6 2.23 2767.6 0.46
GOX HEAT EXCH OUT 2073.9 801.0 2.23 2766.2 0.46
FSOV INLET 2075.9 801.0 2.23 2766.2 0.46
FSOV EXIT 2022.1 801.4 2.23 2766.2 0.45
CHAMBER INJ 2001.8 80l1.5 2.23 2766.2 0.46
CHAMBER 1862.5

% OXYGEN SYSTEM CONDITIONS ®

STATION PRESS TE FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 15.4 6.1 71.17
B.P. EXIT 135.6 163.2 13.4 1.5 71.20
PUMP TNLET 135.6 163.2 13.4 61.5 71.20
PUMP EXIT 3016.3 178.2 13.4 72.1 71.52

02 TANK PRESS 16.0 400.0 0.023 204.7 0.12
ocy INLET 2986.2 178.3 13.4 72.1 71.47
ocv EX17T 2090.3 181.8 13.4 72.1 70.08
CHAMBER INJ 2048.7 182.0 13.4 2.1 70.02
CHAMBER 1862.5

* VALVE DATA ®

VALVE DELTA P ARTA FLOW X BYPASS
BV 2315. 0.01 0.11 5.00
FsSov 52. 0.67 .23
ocy 896. 0.08 13.39

= INJECTOR DATA =

INJECTOR DELTA P AREA FLOM VELOCITY
FUEL 139. 0.47 2.23 1569.64
Lox 207. 0.18 13.39 156.98

112



TABLE 9.

CHAMBER) (CONTINUED)

* TURBORADHINERY PERFORMANCE DATA »

ansneap

SurssseasnmgnEsasenn
» H2 BOOST TURBINE »

EFFICIENCY (T/T) B.e8?
EFFICIENCY (T/3) 0.333

SPEED (R*M)  7532%.
MEAN D1A [S{ }] 0.82
EFF AREA (IN2) 1.03
usc {ACTUAL ) 0.553
MAX TIP SPEED i,
STAGES 1
GAMMA 1.38

PRESS RATIO (T/T) 1.o1
PRESS RATIO (T/S) 1.02
HOR SEP OMWER 16,
EXIT MACH NUMBER 8.39
SPECIFIC SPEED 143.08
SPECIFIC DINETER 0.5¢

1]
" H2 TURBINE »
sanunm

EFFICIENCY (T/T) o.80}
EFFICIENCY (1/3) 0.78]

SPEED [RPM) 187500.
HOR SEPOWER 1181,
MEAN DIA. CIN) 1.62
EFF AREA (R0 -2} 6.1k
usc CACTUAL ) 0.521
MAX TIP SPEED 1438,
STAGES 3
GAMMA 1.38

PRESS RATID (T/T) 1.8
PRESS RATIO (T/S} 1.8¢
EXIT MACH NUMBER 0.1é
SPECIFIC SPEED $3.11
SPECIFIC DIAETER 1.39

& 02 BOOST TURBINE =

EFFICIENCY (T/T) 0.804
EFFICIENCY (T/3) 0.455

SPEED (RPM) 20194,
MEAN DIA [$1}] 2.2%
EFF AREA (IN2) 1.54
usc CACTUAL) 0.553
MAX TIP SPEED 238,
STAGES 1
GAMMA 1.3%

PRESS RATIO (T/T) 1.00
PRESS RATIO (T/3) 1.01
HOR SEP OWER 8.
EXIT MACH MOSGER 0.83
SPECIFIC SPEED 101.87
SPECIFIC DINETER 0.8)

" 02 TURBINE =

EFFICIENCY (T/T) 0.803
EFFICIENCY (T/3) 0.7%3

SPEED (RPM) 130652,
HORSEPOMER 201.
MEAN DIA Ny 1.42
EFF AREA (N2 0.18
we (ACTUAL ) 9.%03
MAX YIP SPEED 94,
STAGES 1
GAMMA 1.5

PRESS RATIO (T/T) 1.10
PRESS RATIO (T/5) 1.1)
EXIT RACH NUMBER 0.0y
SPECIFIC SPEED 4865
SPECIFIC DIAMETER 1.48

" H2 BOOST PUMP =

EFFICIECY B.7¢6
HOR SEP OWER 14,
SPEED (RPM) 75328,
S SPEED 3049,
HEAD (FT) 2488 .
DIA. tIM} 1.3%
Tir SPEED 438,
VOL. FLOM 220,
HEAD COEF 0.430
FLOM COEF 0.20}

EFFICIENCY

HORSEP OWER

SPEED (RPM) 87%00. 187%00.

33 SPEFD 9352,

S SPEED 249, 768,

HEAD (FT) 0122, 58236.

DIA. (1MW) 2.3% 2.3%

TIr SPEED 1928. 192¢.

oL, RO 238, 236.

MEAD COEF 9.522 0.50¢

FLOM COEF- 0.093

DIAMETER RATIO 0.513

BEARING DN 3.00E+06

SHAFT DIAMETER 14.00

* 02 BOOST PUM =
esaessnasesnanne
EFFiCIECY 0.7¢4
HORSEPOMER ..
SPEED (£} 20184 .
3 SPEED 302¢.
HEAD (FT) 242.
DiA, (1M) 1.49
TIP SPEED 132.
VOL. FLOW 5.
HEAD COEF 9.450
FLOM COBF 8.200
"R PO »
sussennsnss

EFFICIOTY 8.703
HORSEP OMER 201.
SPFEED ("PN) 130652.
53 SPEED 23481 .
3 SPEED le04,
HEAD FT) 5799,
DIA. [$1 ] 1.8
TiP SPEED .75,
YR . FLON [ [
HEAD COEF 0.410
FLOe COEF 0.15%4
DIAMETER RATIO 0.679
BEARING DN 1.57E+06
SHAFT DINETER 12.00

FULL-EXPANDER ENGINE — 7500 LBF THRUST (COPPER TUBE

e.517
3.

187580

s,
56326.
2.3%
1925,
234
0.489%



TABLE 10. — FULL-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 16%96.5
VAC ENGINE THRUST 15000.
TOTAL ENGINE FLOW RATE 31.2%
DEL. VAC. ISP 480.0
THROAT AREA 6.32
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 76.21
ENGINE MINTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT DP 579.
CHAMBER COOLANT DT 599.
NOZZLE/CHAMBER Q 1018%.

ENGINE STATION CONDITIONS

w FUEL SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INET 18.6 37.4 %.67 -107.5 %.37
B.P. EXIT 100.6 38.5 6.47 ~103.0 4.39
PUMP INLET 100.6 38.5 4.47 -103.8 4.39
1ST STAGE EXIT 1843.1 66.7 4.47 10.4 %.38
2ND STAGE EXIT 3556.9 B8Y.5 .67 121.3 .60
PUMP EX1T 5250.8 113.0 4.67 22%.5 .46
COOLANT IMLET 5198.3 113.5 4.67 229.% 4.64
COOLANT EXIT <619.0 712.1 .47 2508.0 1.06

TBV INCET <572.8 712.4 0.22 2508.0 1.05

TBY EXIT 1898.6 729.1 0.22 2508.0 0.46
02 TRB INLEY 4572.8 712.6 4.2% 2508.0 1.05
o2 TRE EXIT «123.2 698.9 4.25% 2649.6 0.98
H2 TRB INLEY 4123.2 698.9 %.25 26459 .6 c.98
HZ TRB EXIT 2026.9 613.0 4.25% 209%.5 0.58
HZ TRB DIFFUSER 1993.6 €13.2 %.2% 2099.5 0.57
HZ2 BST TRB IN 1973.7 613.2 4.25 2099.5 0.57
W2 BST TRB OUT 1952.9% 612.1 %.2% 2096.8 0.56
HZ BST TRB DIFF 1938.9 612.2 4.2% 20%.8 0.56
02 BST TRB IN 1919.5 612.3 4.25 2096.8 0.55%
o2 BST TRB OUT 1909%.6 611.6 4.25 2092.2 0.55
o2 8ST TRB DIFF 1%08.1 611.6 %.25 2092.2 0.5%

H2 TANK PRESS 18.6 627.2 0.0058 2113.0 0.0057
GOX HEAT EXCH IN 1898.6 617.5 4.6 2113.0 0.54
GOX HEAT EXCH OUT 1889.1 617.} 4.46 2111.6 0.56
FSOV INLET 1889.1 617.1 4.66 2111.6 0.56
FSOV EX17 1861.8 617.4 6.66 2111.6 0.53
CHAMBER INJ 1823.5 617.5 §.46 2111.6 .52
CHAMBER 1696.5

= OXYGEN SYSTEM CONDITIONS »

STATION PRESS TEW FLOW ENTHALPY DENSITY
B.P. INLET 14.0 162.7 26.8 1.3 71.17
B.P. EXIT 135.6 163.2 26.8 61.5 71.20
PUMP INLET 135.6 163.2 26.8 61.5 71.20
PUMP EXIT 2747.5 175.9 26.8 70.7 71.63

02 TANK PRESS 16.0 4%00.0 0.045 206.7 0.12
ocV INLET 2720.0 176.0 26.8 70.7 71.59
ocv EXIT 1904.0 179.1 26.8 70.7 78.32
CHAMBER INJ 1866.1 179.3 26.8 70.7 70.26
CHAMBER 1696.5

» VALVE DATA =

VALVE DELTA P AREA FLOW X BYPASS
TBV 2676. 0.01 0.22 5.00
Fsov 47. 1.30 6.66
ocv 816. 0.17 26.78

n INJECTOR DATA =

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 127. 0.90 4.646 1288.26
LOX 188. 0.37 26.78 169.56
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TABLE 10.

FULL-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

* TURBOMACHINERY PERFORWANCE DATA »

* M2 BOOST TURBINE »

EFFICIENCY (T/T) 0.74¢
EFFICIOXY (T/3) 0.39]
SPEED (RPH)  $3300.
MEAN DIA (IN) 1.1¢
EFF AREA () 1.80
wt {ACTUAL) 5.550
RAX T1P SPEED 3%0.
3TAGES 1
(= 1.48

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/3) 1.02
HORSEPOMER 29.
EXIT RACH NUMBER 0.10
SPECIFIC SPEED 148.19
SPECIFIC DIAMETER 0.52

anen
» 2 TURBINE »

EFFICIENCY (T/T) 9.7%
EFFICIENCY (T/3) 0.77¢
SPEED (RPN) 136363,
HORSEPOMER 2103.

MEAMN DIA. () 2.33

EFF AREA (me2) 0.19
we (ACTUAL ) G.469
MAX TIP SPEED 148).
STACES 2
Garpwn 1.48

PRESS RATIO (T/T) 2.08
PRESS RATIO (T/3) 2.08
EXIT MADY MUMBER 0.1%5
SPECIFIC SPEED 39.%¢
SPECIFIC DIAMETER b.68

® 02 POOST TURBINE »

EFFICIENCY (T/T) 0.82¢
EFFICIENCY (/) 0.687
SFEED (RPM) 14272,
MEAM DIA (IN} 3.1
EFF anfa (he) 2.64
wt (ACTUAL ) 0.553
MAX TIP SPEED 238,
STAGES 1
(= ) 1.45

PRESS RATIO (T/T) 1.01
PRESS RATID (T/3) 1.0)
HORSEPOMER 15,
EXIT MACH MUMBER .03
SPECIFIC SPEED 96.92
SPECIFIC DIAETER 0.86

o 02 TURBINE »

EFFICIENCY (T/T) 0.817
EFFICIDEY (T1/3) 8.771
SPEED (RPM) 87749,
HORSEPOMER 351,
MEAM DIA (2L} 2.38%
EFF AREA s 0.29
usc (ACTUAL ) 0.523
MAX TP SPEED ”%2.
STAGES 1
GArA 1.45%

PRESS RATIO (T/T) 1.1
PRESS RATIO (T/S) 1.12
EXIT MACH NOGER 0.08
SPECIFIC SPEED 45.33
SPECIFIC DIAMETER 1.65

s K2 POOST PP o

EFFICIENCY
HORSEPOMER

SPEED

(RPA}

S SPEED

HEAD
DIA.

{F7)
()

TIP SPEED
voL. FLOM
HEAD COEF
FLOM COEF

EFFICIDLY
HORSEPOHER
SPEED (RPM)
$S SPEED

3 SPEED

HEAD (FT)
DIA. (M)

TIP SPEED
VOL. FLOM
HEAD COEF
FLON COEF
DIAMETER RATIO
BEARING DN
SHAFT DIAETER

- roe

2693,
1.89
439,
457,

0.458

9.201

STAGE ONE STAGE THO STAGE THREE

usssnvane
0.649
nr.
136363,
’”*e7.
8.
51278
3.12
1059,
459,
0.533
0.09%
9.331
3.00E-0¢
22.00

0.6%1 0.653
781, s .
136363, 136363.
797. 08,
6208, 55023,
5.12 3.12
1859, 1859,
56, 458,
.523 0.812

® 02 BOCST PLMP o

EOFICIDEY
MHORSEPOMER

SPEED

(1o b}

S SPEED

DIA.

(FT)
[$1 )]

Ti# SPEED

voL.

Lo

ALOM COEF

EFFICIENCY
HORSEP OMER

SPEED

(RPM)

S$ SPEED
S SPEED

HEAD
DIAL

{FT)
(81}

T1P SPEED

VOL. FLOM
HEAD COEF
FLOW COEF
DIAMETER RATIO
BEARING DM
SHAFT DIAMETER

I1s

apsng
" 02 PP e

0.764
18.
14272,
302¢.
242,
2.11
132.
169,
$.450
.20

0730
5St.
27749,
22303,
1945,
5249.
1.66
434,
le8.
0.420
0.155
0.2
-40E* 04
16.08



TABLE 11. — FULL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1403.4
VAC ENGINE THRUST 25000.
TOTAL ENGINE FLOW RATE $2.08
DEL. VAC. ISP 480.0
THROAT AREA 7.62
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER .52
ENGINE MIXTURE RATIO 4.00
ETA C» 0.993
CHAMBER COGUANT DP 495,
CHAMBER COOLANT DT 505.
NOZZLE/CHAMBER Q 14356,

ENGINE STATION CONDITIONS

» FUEL SYSTEM CONDITIONS »

STATION PRESS TEMP FLON ENTHALPY DENSITY
B.P. INLET 18.6 17.4 7.45 -107.5 &.37
B.P. EXIT 100.9 8.5 7.4% -103.0 4.39
PUNP INLET 100.9% 38.5 1.45% -103.0 ©.3%
1ST STAGE EXIT 1458.6 84.9 7.45 -25.% 4.50
2ND STAGE EXIT 28351.9 70.7 7.645 51.8 4.58
PUMP EXIT 4222.8 86.2 7.45 128.6 4.67
COOLANT INLET 4180.6 86.6 7.45 128.6 £.65
COOLANT EXIT 3685.4 591.9 7.45 2055.1 1.02

TBY INCEY 5648.% 592.1 0.37 2055.1 1.01

TBY EXIT 1795.5 601.9 0.37 2055.1 0.53
02 TRB IMET 3648.5 592.1 7.08 2055.1 1.01
02 TRB EXIT 3266.7 579.5 7.08 2001.5 0.9%
12 TRB JNLET 3266.7 57%.5 7.08 2001.5 0.9%
H2 TRB EXIT 1925.6 519.5 r.08 1757.7 0.64
HZ TRB DIFFUSER 1888.2 519.6 7.08 1757.7 0.63
2 BST TRB IN 1869.3 519.6 7.08 1787.7 0.63
H2 BST TRB OUT 1848.2 518.5 7.08 1753.0 0.62
H2 BST TRB DIFF  1834.8 518.6 7.08 1783.0 0.62
o2 BSY TRB IN 1816.6 518.6 7.08 1753.0 0.61
o2 BST TRB OUT 1806.0 $18.0 1.08 1750.4 0.6l
02 BST TRB DIFF 1804 .S 518.0 7.08 1750.6 0.61

M2 TANK PRESS 18.6 52%.6 0.0113 1765.6 0.0066
GOX MEAY EXCH IN 1795.5 522.2 7.644 1765.6 0.6
GOX HEAT EXCH OUT 1786.5 s21.9 7.64 1764.3 0.60
FSOV INLET 1786.5 521.9 7.66 1764.3 0.60
FSOV EXIT 1761.9 522.1 7.64 1766.3 0.58
CHAMBER TN 1724¢.3 522.2 7.64 1764.3 0.58
CHAMBER 1603.6

s OXYGEN SYSTEM CONDITIONS ®

STATION PRESS TEWP FLOW ENTHALPY DENSITY
B.P. INET 14.0 162.7 4.7 1.1 71.17
B.P. EXIT 135.6 163.2 6.7 $3.5 71.20
PUMP INLET 135.6 163.2 6.7 61.5 71.20
PP EXIT 259%6.8 176.6 &6.7 70.0 71.469

02 TANK PRESS 16.0 400.0 0.076 204.7 0.12
ocY INMET 2570.% 176.7 46.6 70.0 71.65
ocv EXIT 1799.6 177.6 “6.é 70.0 70.65
CHAMBER INJ 1763.8 177.8 64.6 70.0 70.39
CHAMBER 1603.6

= VALVE DATA =
VALVE DELTA P AREA FLOW X BYPASS
BV 1853, 0.02 0.37 5.00
FsOV 5. 2.10 7.64
ocv 7. 0.28 44.64
® INJECTOR DATA ®

INJECTOR DELTA P AREA FLOM VELOC1TY
FUEL 121. 1.6% 7.46 1291.0%
LOX 178. D.43 6. 66 145.27
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TABLE 11.

TUBE CHAMBER) (CONTINUED)

* TURBOMACHINERY PERFORMANCE DATA »
.

* K2 BOOST TURBINE o

EFFICIENCY (T/T) 0.823
EFFICIENCY (T1/S) D.4es
SPEED (RPM) 413S0.
MEAN DIA (IN) 1.4¢
EFF AREA [$1.-9] 2.82
usc (ACTUAL) 0.538
RAX TP SPEED 3.
STAGES i
GAMMA 1.34

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/3) 1.2
HOR SEPOHER 8.
EXIT MACH MMBER a.11
SPECIFIC SPEED
SPECIFIC DIAMETER 0.52

" H2 TURBIME »

EFFICIENCY (T/T) 0.863
EFFICIENCY (T/3) 0.92%
SPEED (RPM) 125000.
HORSEPOMER 2441,

MEAN DIA. () 2.3

EFF AREA (R -3 0.3
usc (ACTUAL } 0.521
MAX T1P SPEED 1616,
STAGES 2
GAmA 1.3

PRESS RATIO (F/T) 1.7
PRESS RATIO (Y/3S) 1.7¢
EXIT MACH NUMBER 0.13
SPECIFIC SPEED 61.6%
SPECIFIC DINETER 1.2¢

® 02 BOOST TURBINE »

EFFICIENCY (T/T) 0.877
EFFICIENCY (T/3) 0.73%
SPEED (RPR) 11058,
MEAN D1A (S L }] 4.11
EFF AREA (31 -3 4.06
usc (ACTUAL ) €¢.553
MAX TIP SPEED 233.
STAGES 1
GAMMA 1.3¢

PRESS RATIO (T/T) 1.0
PRESS RATIO (T/3) 1.01

HORSEPOMER 26.
EXIT MACH WUMBER 0.04
SPECIFIC SPEED 9% .o

SPECIFIC DIAMETER c.58

® 02 TURBINE »

EFFICIENCY (T/T) 0.845
EFFICIENCY (T1/%) 0.764
SPEED (RPM)  ¢5861.
HORSEPOHER S3s.
MEAN DIA (R L D] 2.36
EFF AREA (IN2) 0.54
usc (ACTUAL ) 0.414
HAX TIP SPEED 746,
STAGES 1
Gaea 1.34

PRESS RATIO (T/T) 1.12
PRESS RATIO (T/3) 1.13
EXNIT MACH NUMBER 0.32
SPECIFIC SPEED 2.7y
SPECIFIC DIAMETER 1.27

s M2 BOOST PO »

EFFICIDECY 0.76%
HORSEFGMER ‘8.
SPEED  (RPM) 41350.
S SPEED 3048,
HEAD (FT) 2703,
DiA. (S L} 2.43
TiP SPEED €40,
VOL. ALOM 142,
HEAD COEF 0.450
FLOM COEF e.201

" K2 PN &

STAGE ONE STAGE TMO STAGE THREE

EFFICIENLY 0.724 0.725
HORSEPOMER | 139 813.
SPEED (RPN) 125000. 125000.
$S SrEED 11318,
S SPEED 1126. 121,
HEAD ¢FT) 43769, 43508.
DIA. (1IN} 3.04 3.06
TiP SFEED 1671 l1¢70.
voL. RLOM 268, 730.
HEAD COEF 0.504 0.502
FLOM COEF 0.118
DIAMETER RATIO 0.412
BEARIMG DM 3.00E08
SHAFT DIAMETER 26,00

117

® 02 BOOST PUMP »

grFiciocy 0.764
HORSEPOMER 26.
SPEED (RPW) 11088,
$ SPEED 3026.
MHEAD [Lap] 242.
DlA. (IN) 2.712
TIP SPEED 132,
vaL. RLOoW 282,
MEAD COEF 0.450
FLOM COEF 8.200

sEsessnenne

" 02 PUMP »

ssresusenss
EFFICIDXCY 0.747
HORSEPOMER 538,
SPEED (RPM) 65861,
33 SPEED 21611,
S SPEED 1870.
MEAD (FT) €962,
BlA. (IN) 2.12
Tir SPEED [ 1338
VOL. FLOM 280.
HEAD COEF 0.42¢
FLOM COEF 0.15¢
DIAMETER RATIO 0.683
BEARING DM 1.45E+06
SHAFT DIAMETER 22.00

FULL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER

6.724
810,
125000.

111s.
43284,
3.06
1671,
nr.
9.499



TABLE 12. — FULL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1562.9
VAC ENGINE THRUST 37500,
TOTAL ENGINE FLOW RATE 18.13
DEL. VAC. ISP 480.0
THROAT AREA 12.1%
NOZZLE AREA RATIO 1000.0
NGZZLE EXIT DIAMETER 126.61
ENGINE MIXTURE RATIO 6.00
ETA C» D.993
CHAMBER COOULANT DP 467,
CHAMBER COOLANT DT 420.
NOZZLE/CHAMBER Q 1BOl8.

ENGINE STATION CONDITIONS

® FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOM ENTHALPY DENSITY
B.P. IMET 18.6 37.4 11.18 -107.5 .37
B.P. EXIT 100.3 38.5 i1.18 -103.0 4.3
PUMP TNLET 100.3 38.5 11.18 -103.0 4.39
1ST STAGE EXIT 1523.0 . 55.0 11.18 -23.6 6.52
2ND STAGE EXIT 2971.8 70.9 11.18 5.8 4.63
PUMP EXIT 6445.4 B6.4 11.18 135.0 .72
COOLANT INLET 4400.9 B86.8 11.18 135.0 6.70
COOLANT EXIT 3953.5 507.0 11.18 1746 .4 1.2%

TBV INLET 3914.0 $07.2 8.%4 1746 .4 1.26

T8V EXIT 1682.1 517.4 0.56 1746.4 0.57
02 TRB IMLET 3914.0 507.2 10.62 1746.4 1.24
02 TRB EXIT 34591.1 495%.9 10.62 1697.1 1.14
H2 TRB INLET 3491.1 495.9 10.62 1697.1 1.14
H2 TRB EXIT 1818.3 435.6 19.62 16446.6 0.72
H2 TRB DIFFUSER 1774.3 435.7 18.62 1646.6 0.71
H2 BST TRB IN 1756.6 435.7 10.62 1446.6 0.71
H2 BST TRE OUT 1733.8 436.6 10.62 1641.9 0.69
H2 BST TRB DIFF 1720.7 4366 10.62 1641.9 0.69
02 BST TRB IN 1703.5 434.7 10.62 16441.9 0.68
02 BST TRB OUT 1692.0 434.0 10.62 1439.3 0.68
02 BST TRB DIFF 1690.5 434.0 10.62 1439.3 0.68

H2 TANK PRESS 18.6 642.8 0.0203 145%6.7 0.0079
GOX HEAT EXCH IN 1682.1 438.2 11.16 1456.7 0.67
GOX MEAT EXCH OUT 1673.7 437.8 11.16 1453.3 0.67
FSOV IMLET 1673.7 437.8 11.16 16453.3 0.67
FSOV EXIT 1631.8 438.0 11.16 1453.3 0.65
CHAMBER INJ 1615.5 438.0 11.16 1653.3 0.64
CHAMBER 1502.9

u OXYGEN SYSTEM COMDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 67.1 61.1 71.17
B.P. EXIT 135.6 163.2 7.1 61.5 71.20
PUMP INLET 135.6 163.2 7.1 61.5 71.20
pumMP EXIT 26¢33.9 173.5 7.1 69.3 7.7

02 TANK PRESS 16.0 400.0 8.113 206.7 8.12
OCV IHLET 2409.6 173.4 7.0 £9.3 71.67
ocv EXIT 1686.7 176.6 7.0 69.3 70.5%
CHAMBER INJ 1653.1 176.5 7.0 69.3 70.50
CHAMBER 1502.9

® VALVE DATA »

VALVE DELTA P AREA FLOM X BYPASS
BV 2232. 0.02 8.56 5.00
Fsov 42, 3.0% 11.16
ocv 723. 0.64 66.97

# INJECTOR DATA =

INJECTOR DELTA P AREA FLOMW VELOCITY
FUEL 113, 2.13 11,16 1181.21
LOX 167. 0.97 s.97 140.53
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FULL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

TABLE 12. —

® TURBOMACHINERY PERFORMANCE DATA

® M2 BOOST PU »

= M2 BOOST TURBINE =

EFFICIENCY (T/7) 0.848 EFFICIENCY 0.246
EFFICIDXCY (T/3) 0.679 HOR SEPOMER 1.
SPEED (RPM) 33637, SPEED (RPH) 33687,
MEAN DIA (80 )) 1.78 3 SPEED 305).
EFF AREA ) 3.8% HEAD (FT) 2483,
u/c TACTUAL ) 0.537 DIA. Iw) 2.%
MAX TIP SPEED 370. T1# SPEED 438,
STAGES 1 VL. FLOW 1143,
GAMMA 1.42 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOW COEF ¢.201
PRESS RATIO (T/S) 1.02

HORSEPOMER 71,

EXIT MACH MMDER 0.11
SPECIFIC SPEED 150.00
SPECIFIC DIAMETER  0.5¢
ARRPERESDPUNDERRS -
" M2 TURBINE = - T
resasknERREmnE reennsusean
STAGE OME  STAGE TWO STAGE THREE
sranesavs  nemeEEESs senwssvsnms
EFFICIDNGY (T/T)  0.845 EFFICIDCY 0.739 s.738 0.737
EFFICIENCY (¥/3)  0.927 HORSEPOMER 128¢. 1258, 1253,
SPEED (RPM) 187143, SPEED (RPM) 107143, 107163, 107143,
HORSEPOMER 3764, ss SPErD 11967,
MEAN Dla. M 2.61 S SPEED 1162, ns2. 1126,
EFF AREA  (IN2)  0.48 HEAD (FT) 45690, 45853, 45391,
usc (ACTUAL)  ©0.428 DIA. (1M) .64 .64 3.64
MAX TIP SPEED 1347, Tir seerp 1702. 1702. 1702.
STAGES 2 VO, RO 1110, 1085, 1064.
GAMMA .42 HEAD COEF 6.507 0.506 0.504
PRESS RATIO (T/T) 1,92 FLOW COEF [N
PRESS RATIO (T/S)  1.98 DIANETER RATIO 0.417
EXIT MACH NMUDER 0.20 BEARING DN 3.00E+04
SPECIFIC SPEED s8.88 SHAFT DIAMETER .00
SPECIFIC DINETER  1.23
SERRZUNERS saren EEAsaRUNERRRIEIRDE
» 02 BOOST TURBIMNE » " 02 BOOST P
SPeNsIERENERUNBERAED
EFFICIDXY (T/T)  o.587 EFICIDCY 0.74¢
EFFICIENCY (T/3)  0.754 HOR SEPOMER 9.
SPEED them) 9026, SPEED  (mPM) 9024
MEAN D1A (N s.e3 S SPEED 3026.
EFF AREA  (IN2)  S.<8 HEAD tFT) 2¢2.
use (ACTUAL)  8.553 Dla. 301 3.3¢
MAX TIP SPEED 231, TI# SPEED 152,
STAGES i voL. Fuow «23.
GAA 1.42 HEAD COEF 8480
PRESS RATIO (V/T)  1.01 FLOW COEF 0.200
PRESS RATIO (T/8)  1.01
HORSEPOMER 3.
EXIT MACH NUMBER 0.06
SPECIFIC SPEED 93.06
SPECIFIC DIAMETER  ©0.92
ARBRSEmEENERDN SEBEPaDEDEN
" 02 TURBINE = 02 PP »
serssanannesnn sasssannsns
EFFICIENCY (T/T)  9.877 EFFICIDCY 0.7¢0
EFFICIENCY (T/3)  0.826 HOR SEPOMER 760.
SPEED (rer) 52014, SPEED  (RPM) 52014.
HORSEPOMER 740. sS SPEED 20904,
MEAN DIA Ny 2.6) S SPEED 1904,
EFF AREA  (IN2)  0.¢8 MEAD (FT) s,
usc (ACTUAL}  6.536 DlA. (IR 2.58
MAX T1P SPEED 6. TIP SPEED sa7.
STAGES 2 voL. FLoM «20.
CAMA 1.42 MEAD COEF 0.431
PRESS RATIO (T/T)  }.12 FLON COEF s.158
PRESS RATIO (T/S)  1.13 DIAMETER RATIO 0.634
EXIT MACH NUSER 0.09 BEARING DN 1.66€-06
SPECIFIC SPEED 76.56 SHAFT DIAMETER 28.00
SPECIFIC DINETER  1.08
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TABLE 13. — FULL-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 16402.6
VAC ENGINE THRUST 50000.
TOTAL ENGINE FLOW RATE 104.18
DEL. VAC, ISP 480.0
THROAT AREA 17.41
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 148.9%0
ENGINE MIXTURE RATIO .00
ETA C» 0.993
CHAMBER CODOLANT DP 355.
CHAMBER COOLANT DY 383.
NOZZLE/CHAMBER Q 21899.

ENGINE STATION CONDITIONS

AEAAEEANNNANESRNNNERNARSARANARIORN

» FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 14.91 -107.5 %.37
B.P. EXIT 100.2 38.5 164.91 -103.0 6.3%
PUMP INLET 100.2 38.5% 14.91 -103.0 4.39
1ST STAGE EX1T 1308.4 S1.6 14.9 -37.% 6.53
2ND STAGE EXIT 2547.4 4.4 14.91 27.% 4.65
PUMP EXIT 1813.5 76.7 14.91 .1 4.73
CDOLANT INLET 3775.¢ 7.1 14.91 3.1 «. 71
COOLANT EXIT 3420.6 459.9 14.9%1 1561.6 1.20

TBY INLET 3386.4 460.0 0.75 1561.6 1.19

TBV EXIT 1570.3 467.3 0.7% 1561.6 0.59%
02 TRB INLET 3386.4 460.0 14.17 1561 .6 1.19
02 TRB EXIT 3016.7 469.7 14.17 1516 .4 1.10
H2 TRB INLET 3016.7 449.7 14.17 1516.4 1.10
H2 TRB EXIT 1706.6 400.3 16.17 1309.9 0.74
H2 TRB DIFFUSER 1659%.7 400.4 14.17 1309.9 6.72
H2 BST TRB IN 1643.1 400.4 14.17 1309.9 0.72
H2 BST TRB OUT 1620.3 399.3 14.17 1305.2 0.71
H2 BST TRB DIFF 1607.6 399.3 16.17 1305.2 0.70
02 BST TRB IN 1591.3 399.4 16.17 1305.2 0.70
02 BST TRB OUT 1579.8 398.7 14.17 1302.¢ 0.69
02 BST TRB DIFF 1578.2 398.7 14.17 1302.6 0.6%

H2 TANK PRESS i18.6 405.3 0.0296 1315.5 0.0087
GOX HEAT EXCH IN 1570.3 «02.1 14.88 131%.5 0.68
GOX HEAT EXCH OUT 1562.5 401.8 14.88 1314.2 0.68
FSOV ITNLET 1562.5 401.8 14.88 1316.2 0.68
Fsov EXIT 1523.4 401.9 14.88 1314.2 D.66
CHAMBER INJ 1508.2 401.9 14.88 1314.2 0.66
CHAMBER 1402.6

» OXYGEN SYSTEM CONDITIONS #

STATION PRESS TEMNP FLOW ENTHALPY DENSITY
B.P. ITNLET 16.0 162.7 89.4 1.1 71.17
B.P. EXIT 135.6 163.2 89.4 1.5 71.20
PUMP INLET 135.6 163.2 8.6 61.5 71.20
PUMP EXIT 2271.6 172.6 89.4 68.6 71.71

02 TANK PRESS 16.0 400.0 0.151 204.7 0.12
OCV INLET 2248.8 172.7 89.3 8.6 71.67
ocv EXIT 1576.2 175.3 89.3 8.6 70.62
CHAMBER INJ 1558.4 175.3 89.3 8.6 70.60
CHAMBER 1402.6

s VALVE DATA »

VALVE DELTA P AREA FLON X BYPASS
TBV 1816. 0.03 0.75 5.00
Fsav 39. 6.22 14.88
ocv 675. 0.61 89.29

» INJECTOR DATA =

INJECTOR DELTA P AREA FLOM VELOCITY
FUEL 106. 2.68 14.88 1131.21
LOX 156. 1.27 89.29 135.469
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TUBE CHAMBER) (CONTINUED)

" TURBOMACHINERY PERFORMANCE DATA »

* H2 BOOST TURBINE =

EFFICIENCY (T/T) 0.861
EFFICIENCY (T/S) 0.429
SPEED (RPM) 29123,
MEAN DIA CIN) 2.04
EFF AREA C(IN2) 5.09
usc {(ACTUAL ) 0.533
MAX TIP SPEED 367.
STAGES 1
GAMMA 1.6}

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.02
HORSEPDWER "5
EXIT MACH NUMBER g.11
SPECIFIC SPEED 150.00
SPECIF1C DIAMETER 0.54

" H2 TURBINE ®

RN REARBANNR

EFFICIENCY (T/T) 0.889
EFFICIENCY (T1/35) 0.838
SPEED (RPM) 100000.
HORSEPOWER 4139,
HEAN DIA. (IN) 2.83
EFF AREA (IN2) 0.71
usc (ACTUAL ) 0.544
Max TIP SPEED 1383.
STAGES 2
GAMMA 1.41

PRESS PATIO (T/T) 1.27
PRESS RATIO (T/S) 1.83
EXIT MACH NUMBER 0.21
SPECIFIC SPEED 73.38
SPECIFIC DIAMETER 1.12

s 02 BOOST TURBINE »

EFFICIENCY (T/T) 0.8
EFFICIENCY (T/3) 0.762
SPEED (RPM) 7817.
MEAN DIa {IN) 5.81
EFF AREA [IR2) 7.23
usc (ACTLAL ) 0.553
MAX TIP SPEED 230,
STAGES 1
GAMMA 1.41

PRESS RATIO (T/T) l.01
PRESS RATIO (7/S) .01
HORSEPOMER 51.
EXIT MACH NUMBER 0.04
SPECIFIC SPEED 93.04
SPECIFIC DIAMETER 0.9%2

* 02 TURBINE »

EFFICIENCY (T/T) o.87
EFFICIENCY (T/S) 0.822
SPEED {RPH)  €354}).
HORSEPOWER s07r.
MEAN DIA 84} 2.83
EFF AREA (IN2) 1.00
u/c {ACTuUAL ) 0.506
KAX TIP SPEED 617,
STAGES 2
GAMMA 1.41

PRESS RATIO (T/T) 1.12
PRESS RATIO (T/5) 1.13
EXIT MACH NUMBER 0.10
SPECIFIC SPEED 77.88
SPECIFIC DIAMETER 0.9y

PR ARNR PSRN R B AN AR N AR,

®* H2 BOOST PUMP a

EFFICIENCY 0.766
HORSEPONER 9"5.
SPEED (RPM) 29123,
S SPEED 3051.
HEAD (FT) 2682.
DIa. (IN) 3.44
T1P SPEED 438,
VOL. FLOW 152%.
HEAD COEF 0.450
FLOW COEF 0.201

® H2 PUMP

STAGE ONE STAGE TWO STAGE THREE

EFFICIENCY 0.764 0.763
HORSEPGWER 1375, 80.
SPEED (RPM) 100000. 100000.
SS SPEED 12880.
S SPEED 1391, 1372.
HEAD  (FT) 38744. 38828.
Bla.  (IN) 3.68 3.68
11P SPEED 1609. 1609.
VOL. FLOW 1476. 1641.
HEAD COEF 0.481 0.483
FLOW COEF 0.133
DIAMETER RATIO 0.472
BEARING DN 3.00E+06
SHAFT DIAMETER 30.00
ERNNNANER RN RN
* 02 BUOST PUMP =
LA TR I FTYYNT Y}
EFFICIENCY 0.764
HORSEPOWER s51.
SPEED  (RPM) 7817,
S SPEED 3026.
HEAD (FT) 262,
D1A. (IN) 3.85
TIP SPEED 132.
VOL. FLOW S64.
HEAD COEF 0.450
FLOW COEF 0.200
T T
» 02 PUMP n
LELEYES YY)
EFFICIENCY 0.769
HORSEPOHER %07.
SPEED  (RPM) 43561,
SS SPEED 20215.
S SPEED 1945,
HEAD (FT) <287,
DIA. (IN) 2.9
TIP SPEED 566.
VOL. FLOW 560.
HEAD COEF 0.43¢6
FLOW COEF 0.160
DIAMETER RATIO 0.686
BEARING DN 1.31E+06
SHAFT DIAMETER 30.00
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1359,
3887S.
3.69
1609.
1418,
0.483

TABLE 13. — FULL-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER



TABLE 14. — SPLIT-EXPANDER ENGINE — 7500 LBF THRUST (COPPER
TUBE CHAMBER)

ENGIME PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1329.9%
VAL ENGINE THRUST 7500.
TOTAL ENGINE FLOM RATE 15.63
DEL. VAC. ISP 47%.9
THROAT AREA 2.75
MOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 59.21
ENGINE MIXTURE RATIO 6.00
ETa C= 0.993
CHAMBER COOLANT DP 1300.
CHAMBER COOLANT DT 1071.
NOZZLE/CHAMBER Q 4397.

ENGIHE STATION CONDITIONS

AREERENRIANNNANNNASEEREANRRERARNE

» FUEL SYSTEM CONDITIONS *

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INET 18.% 37.4 2.23 -107.% 4.37
B.P. EXIT 100.3 38.5 2.23 -103.0 4.3
PUMNP INLET 100.3 38.5 2.23 -103.0 6.3
1ST STAGE EXIT 1787.3 66.4 2.23 13.7 4.30
JBV INLET 1760.5 66.6 1.12 13.% 4.28
JBV EXIT 1694.4 68.6 1.12 13.9 4.0
2ND STAGE EXIT 3473.0 104.6 1.12 164.0 4.05
PUMP EXIT 4981.0 137.3 1.12 298 .4 3.98
COOLANT TMLET %931.2 137.7 1.12 298.4 3.96
COOLANT EXIT 3631.6 1208.7 1.12 4234.7 0.53
TBY INLET 3595.2 1209.0 0.06 4234.7 0.52
TBV EXIT 1567.0 1223.8 .08 4234.7 0.23
02 TRB INLET 3595.2 1209.0 1.06 4234.7 8.52
02 TRB EXIT 3240.7 1184.9% 1.06 41406 0.48
H2 TRB IMLET 3240.7 1184.9 1.06 41640.6 0.48
H2 TRB EXIT 1657.5 1060.3 1.06 3595.0 0.29
H2 TRB DIFFUSER 1641.7 1040.4 1.06 3595.0 0.28
H2 BST TRB IN 1625.3 1040.6 1.06 3595.0 0.28
H2 BST TRB DUT 1606.3 1038.0 1.06 3585.5 0.28
2 BST TRB DIFF 160) .4 1038.0 1.06 3585.5 0.28
02 BST TRB IN 1585.4 1038.1} 1.06 3585.5 0.28
02 BST TRB OUT 1575.6 1036.7 1.06 3580.4¢ 0.27
02 BST TRB DIFF 157¢.8 1036.7 1.06 3580.4 0.27
H2 TANK PRESS 18.4 1057.3 0.0017 3613.1 0.0033
GOX HMEAT EXCH IN 1567.0 1066.1 1.12 3613.1 0.27
GOX HEAT EXCH OUT 1559.1 1045.4 1.12 5610.3 0.27
MIXER HOY IN 155%.1 1045.4 1.12 3610.3 0.27
MIXER COLD INW 16496.4 68.6 1.12 13.9 %.09
MIXER OUT 168).2 535.9 2.238 1810.7 0.49
FSOV INLET 1481.2 535.9 2.23 1810.7 0.69
FSOvV EXIT 16461 536.1 2.23 1810.7 0.48
CHAMBER INJ 142%.7 536.2 2.23 1810.7 0.67
CHAMBER 1329.9

» OXYGEN SYSTEM CONDITIONS @

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMLET 16.0 162.7 13.4 61.1 71.17
B.P. EX1T 135.6 163.2 15.6 61.5 71.20
PUMP INLET 135.6 163.2 13.4 61.5 71.20
PUMP EXIT 2153.8 173.7 13.4 68.9 71.42

02 TANK PRESS 16.0 400.0 0.023 204.7 .12
ocv INLET 2132.3 173.8 13.4 68.9 71.39
ocv EXIT 1492.6 176.2 15.6 68.9 70.38
CHAMBER INJ 1662.9% 176.3 13.6 68.9 70.346
CHAMBER 1329.9

= VALVE DATA =

VALVE DELTA P AREA FLOW X BYPASS
JBv 266. 0.05 1.12 50.00
BV 2028. 0.00 0.06 5.00
FSov 37. 0.77 2.23
ocv 660, 0.09 13.39

» INJECTOR DATA #

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 100. 0.53 2.23 1288.81
LOX 148. 0.21 13.39 132.35

122



TABLE 14.

SPLIT-EXPANDER ENGINE — 7500 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

* TURBOMACHIMERY PERFORMWMCE DATA o

® HZ BOOST TURBINE »

EFFICIENCY {T/T) 8.78%
EFFICIENCY (1/3) 9.584
SPEED (RPM) 73254,
MEMN D1A an) 1.16
EFF AREA [91.-3) 0.6
u/c (ACTUAL ) 8.553
MAX TIP SPEED 484,
STAGES 1
Carma 1.3

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.02
HORSEPOWER 14,
EXIT MACH NMUMBER 0.07
SPECIFIC SPEED 128.8¢
SPECIFIC DIAMETER e.t8

EFFICIENCY (T/T) 8.763
EFFICIENCY (T/S) 8.758
SPEED (RPH)} J@75008.
HORSEPOWER 819,

MEAN DIA. (IN) 2.3

EFF AREA (s2) s.00
uwce (ACTUAL) 0.523
MAX TIP SPEED 2000.
STACES 2
GAra 1.58
PRESS RATIO (T/7) 1.%
PRESS RATIO (T/S) 1.%
EXIT MACH WUMBER 0.)2
SPECIFIC SPEED 8.2}
SPECIFIC DIAMETER 2.51

" 02 BOOST TURDINE »

EFFICIENCY (T/T) 0.911
EFFICIENCY (T/S) e.739
SPEED {RPN) 20182.
MEAN DIA CIN) 3.19
EFF AREA () 6.9
usc (ACTUAL ) 8.4953
RAX TIP SPEED 307,
STAGES 1
GArsA 1.58

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.0}

HORSEPOMER s.
EXIT MACH NUMBER o.03
SPECIFIC SPEED é1.6¢6

SPECIFIC DIAMETER 1.29

* 02 TURBIMNE »

EFFICIENMCY (T/T) .72
EFFICIENCY (T/S) 0.743
SPEED {RPH) 112615,
HORSEP OWER 141,
MEAM DIA (N 2.36
EFF AREA (IN2) 0.12
usc {ACTUAL) 8.53%
MAX TIP SPEED h201.
STAGES 1
GArA 1.

PRESS RATIO (T/T) .11
PRESS RATIO (T/$) 1.1
EXIT MACH NUMBER s.07
SPECIFIC SPEED 29.14
SPECIFIC DIAMETER 2.5)

® H2 BOOST PUMP o

EFFICIEMCY
HORSEPOMER
SPEED (RPH)
$ SPEED

HEAD tFT)
DIA, (8.2
Tir SPEED
VOL. FLOM
MEAD COEF
FLOM COEF

D.7¢s
16,
75254,
3081,
2483,
1.33
438,
228.
0.450
0.201

asusssasmms
P2 P
Passrensnen

STAGE OME STAGE TWO STAGE TMREE

EFFICIENCY 0617
MHORSEP OER 369.
SPEED (RPM) 187500.
33 SPEED 9345,
3 SPEED 8s
MHEAD (FT) 56132,
DIa.  C(Im) 2.28
TP SPEED 1864,
oL, FLOM 233.
HEAD COEF 8.520
LGN CoBF 0.0%
DINETER RATIO .324
BEAR IMG T0¢ 3.00€+0¢
SHAFT DINMETER 16.00

0.49%9 0.517
238, 212.
187500. 187500,
$56. 593,
58312, 54056,
2.39 2.39
1959, 1959,
124, L2¢.
0.489 0.453

* 02 POOST PP »

0.¢50
0.200

@2 POP

EFFICIEMCY
HORSEPCMER
SPEED (RPM)
SS SPEED

S SPEED

HEAD (FT3
DlA. (IN)
TIr SPEED

VoL, FLOM
HEAD COEF
FLOM COEF
DIAETER RATIO
BEARING DN
SHAFT DIAMETER

0.703
161,
112615,
20241,
2030,
4068 .
1.1%
565.
8.
0.410
0.143
0.68¢6
1.58E+06
14.00



TABLE 15. — SPLIT-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGIHE PERFORMANCE PARAMETERS

ANESRERAEENERNARA NS REENR RN RAN NS RENAD

CHAMBER PRESSURE 1610.6
VAC ENGINE THRUST 15000.
TOTAL ENGINE FLOW RATE 31.2%
DEL. VAC. ISP 480.0
THROAT AREA 4.55
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 76.15
ENGINE MIXTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT DP 662.
CHAMBER COOLANT DY 1121.
NO2ZLE/CHAMBER Q 9203.

ENGINE STATION CONDITIONS

s FUEL SYSTEM CONDITIORS *»

STATION PRESS TEWP FLOW ENTHALPY DENSITY
B.P. IRET 18.6 37.4 &.47 -107.5 £.37
8.P. EXIT 100.3 38.5 4.67 -103.0 £.39
PUMP IMLET 100.3 38.5 6.47 -103.0 £.39
1ST STAGE EXIT 2164.6 2.6 4.47 “0.2 .29
JBV INLET 2132.2 72.9 2.23 40.2 &.27
JBY EXIT 1812.3 75.2 2.23 0.2 4.0%
2RD STAGE EXIT 3476.6 95.3 2.23 136.0 &£.2%
puMP EXIT 4736.6 116.46 2.2 227.4 4.2
COOLANT INLET %<689.2 116.7 2.23 227.6 &.24
COOLANT EXI1T ©<087.5 1237.4 2.23 4347.3 8.57
TBY INMET 6046.6 1237.7 ¢.11 6367.3 .57
TBY EXIT 1898.0 1253.4 .11 4347.3 0.27
02 TRB IMLET %066.6 1237.7 2.12 4347.3 0.57
02 TRB EXIT 3594.2 1209.6 2.12 «236.6 0.52
H2 TRB INLET 35964.2 1209.6 2.12 4236.6 0.52
HZ TRB EXIT 2006.5 1078.8 2.12 3737.% 6.33
H2 TRB DIFFUSER 1985.2 1078.9 2.12 3737.9 0.33
H2 BST TRB IMN 1965 .4 1078.9 2.12 3737.% 0.33
H2 BST TRB OUT 1943.9 1076.% 2.12 3728.4 0.32
H2 BST TRE DIFF 1938.9% 1076.5 2.12 3728.4 0.32
02 BST TRB iN 1919.5 1076.7 2.12 3728.4 0.32
02 BST TRB OUT 1908.3 1075.3 2.12 3723.2 0.32
g2 BST TRB DIFF 1907.6 1075.3 2.12 3723.2 0.32
M2 TANK PRESS 18.6 1097.9 0.0033 37%6.4 6.0032
GOX HEAT EXCH IN 1898.0 1086.3 2.23 3754 .4 e.32
GOX HEAT EXCH OUT 1888.S 1083.6 2.23 3751.7 0.31
MIXER HOT IN 1888.5 1083.6 2.23 3751.7 0.31
MIXER COLD IN i812.3 75.2 2.23 «0.2 «.05
MIXER OUT 1796.1 557.6 4.66 18%6.6 0.56
FSov INLET 179%.1 557.6 4.46 1896. 6 0.56
FSOV EXIT 1749.3 557.8 .46 189%4.¢ 0.5%
CMAMBER INJ 1731.6 558.0 4.46 1894. 6 0.5%
CHAMBER 1610.6

= OXYGEN SYSTEM COMDITIONS =

STATION PRESS TEW FLOW ENTHALPY DEMSITY
B.P. INLET 16.0 162.7 26.8 61.1 7117
B.P. EXIT 135.6 163.2 26.8 61.5 71.20
PUMP INLET 135.6 163.2 26.8 $1.5 71.20
PUMP EXIT 2608.5 175.2 26.8 70.2 71.61

02 TANX PRESS 16.0 400.0 0.045 204.7 0.12
OCY INLET 2582.4 175.3 26.8 70.2 71.57
ocv EXIT 1807.7 178.2 26.8 70.2 70.36
CHAMBER INJ 1771.7 178.4 26.8 70.2 70.30
CHAMBER 1610.6

s VALVE DATA =

VALVE DELYA P AREA FLOW % BYPASS
JBY z20. 0.09 2.23 50.00
TBY 2149, 0.01 0.11 5.00
FSOV &S, 1.30 4. 46
ocyY 775, 0.17 26.79

» INJECTOR DATA ®

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL [ 0.90 &.46 1327.76
LOX 179. 0.38 26.79 145.68



TABLE 15.

TUBE CHAMBER) (CONTINUED)

* TURBOMACHINERY PERFORMANCE DATA &

® H2 BOOST TURBIME o

EFFICIENCY  (T/T) 0.818
EFFICIENCY (71/3) 0.622

SPEED C(RPM) S323%8.
MEAN DIA (IN) 1.64
OF AREA tiN2) 1.18
wt (ACTUAL) 8.553
mAX TIP SPEED 476,
STAGES 1
GAMMA 1.4

PRESS RATIO (T/7) 1.8
PRESS RATIO [T/S) 1.01

HORSEP OHER 8.
EXIT MACH NUMBER 0.06
SPECIFIC SPEED 117.14

SPECIFIC DIAMETER .7

-
» M2 TURBINE »

EFFICIENCY (T/T) 0.779
EFFICIENCY  (T/S) 0.743

SPEED {RPM) 136343,
HOR SEPOWER 1497,
MEAN DIaA. (843 3.2¢
EFF AREA ) .15
usc (ACTUAL ) D.548
MAX TIP SPEED 2800.
STAGES 2
G 1.40

PRESS RATIO (T/T) 1.7y
PRESS RATIO (T/3) 1.82
EXIT MACH NUMBER .12
SPECIFIC SPEED 29.04
SPECIFIC DIAMETER 2.5?7

" 02 BOOST TURBIME ®»

EFFICIENCY (T/T)  0.827
EFFICIENCY (T/S) e.75%

SPEED (RPRY 16271,
MEAN DIA an .58
EFF AREA () 1.84
wt (ACTUAL ) 0.553
MAX TIP SPEED 308.
STAGES 1
GAMA 1.40

PRESS RATIO (T/T) ..
PRESS RATIO (T/35) 1.01

HORSEPOMER 18.
EXIT MACH NUMBER ».02
SPECIFIC SPEED 58.2¢9
SPECIFIC DIAMETER 1.5

. 02 TURBINE »

EFFICIENCY (T/T) 0.779
EFFICIENCY (T/S) 8.73%

SPEED (RPM) 85773,
HORSEPOHER i32.
MEAN DIA (I 3.3
EFF AREA (IN2) .29
we (ACTUAL ) 0.518
MAX TIP SPEED 1287.
STAGES 1
GAMMA 1.40

PRESS RATID (T/T) 1.13
PRESS RATIO (T/$) 1.13
EXIF MACH NUMBER $.07
SPECITIC SPEED 26.93
SPECIFIC DIAMETER 2.64

* K2 DOOST PUP &

EFFICIEMCY 0.74¢
HORSEPOMER ..
SPEED {RPH) 53238,
S SPEED 3050,
HEAD (FT) 2685 .
DIa. {IN} 1.0
TIP SPEED 38,
YOL. FLON 7.
HEAD COEF 0.450
FLOM COEF o.201

SPLIT-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER

STAGE ONE STAGE TMO STAGE THREE
a .

EFFICIENCY 0.417
HOR SEPOWER 205,
SPEED (RPN) 136363, 136363.
S3 SPEED 2605.
S SPEED 694, 686,
HEAD (FT) 68810, 46229,
DIlA. (IN) 3.3y 2.82
TIP SPEED 2020. 1677.
YOL. FLOM 467, 236.
HEAD CODEF 0.542 0.50¢
FLOW COEF .08
DIAMETER RATIO 0.304
BEARING DN 3.00E+D¢

SWFT DIAETER 22.00

* 02 POOST PUP »

EFFICIDEY 0.764
HORSEPOMER 15,
SPEED (RPM) 14271,
S SPEED 3026.
HEAD trFY) 242,
Dla. [§ L} 2.1
TIP SPEED 132,
VL. FLOW 169,
HEAD COEF 0.450
LW COEF 0.200

«2 PP
EFFICIDCY e.730
HOR SEP OMER 332,
SPEED IRPM) 8528,
55 SPEED 21801,
S SPEXD 1879,
HEAD FT) €971,
Dla. [S 1 B 1.8
TIP SPEFD ‘7.
VOL. FLOM les.
HEAD COEF 0.420
FLOM COEF 0.157
DIAMETER RATIO 0.683
BEARING DN 1.37€+06
SHAFT DIAMETER l16.00

136363,

705.
42620,
2.82
1677,
238.
0.488



TABLE 16. — SPLIT-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1712.8
VAC ENGINE THRUST 25000.
TOTAL ENGINE FLOW RATE 52.08
DEL. VAC. ISP 480.0
THROAT AREA 7.146
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 95.3%
ENGINE MIXTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT DP 616.
CHAMBER COOLANT DT 1010.
NOZZLE/CHAMBER Q 13870.

ENGINE STATION CONDITIDNS

ENANANAEANERR SRR RAR AR REN N

# FUEL SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENRSITY
B.P. INLET 18.6 37.4 7.645 -107.% 4.37
B.P. EX1T i01.2 38.5 7.45 -103.0 4.39
PUMP TNLEY 101.2 38.5 7.45 -103.0 6.39
1ST STAGE EXIT 2301.9 70.0 7.45 36.1 4.62
JBV INLET 2267.4 70.3 3.72 36.1 4.60
JBV EXIT 1927.3 73.0 3.72 36.1 «.17
2ND STAGE EXIT 3708.6 30.5 3.72 7.7 4.63
PUMP EXIT 5091.3 110.0 3.72 216.8 4.467
COOLANT INLET 5040.6 110.4 3.72 216.8 .45
COOLANT EX1T 66424.2 1119.9 3.72 3942.2 0.67
TBV INLET ©379.9 1120.2 0.19 39%62.2 0.67
TBV EXIT 2019.2 1137.1 D.1% 3%2.2 0.32
02 TRB INLET 4379.9 1120.2 3.54 3962.2 0.67
02 TRB EXIT 3864.7 1091.1 3.5¢ 3827.0 0.61
H2 TRB INLET 3864.7 1091.1 3.5¢4 3827.0 0.61
H2 TRB EXIT 2136.2 965.0 3.56 33¢3.9 0.3Y
H2 TRB DIFFUSER 2113.7 965.1 1.86 3343.9 0.39%
K2 BST TRB IN 2092.6 . 965.1 3.54 3343.9 0.39
12 BST TRB OUY 2068.5 962.7 3.54 3334.3 0.38
H2 BST TRB DIFF 2063.5 962.7 3.54 3336.3 0.8
02 BST TRB IN 20642.9 962.9 3.54 3334.3 6.8
02 BST TRB OUT 2030.2 961.5 3.54 332%.2 0.38
02 BST TRB DIFF 2029%.6 961.5 3.56 3329%.2 0.38
H2 TANK PRESS 18.6 984.3 0.0061 3359.8 0.0036
GOX HEAT EXCH IN 2019.2 970.3 3.72 335%.8 0.37
GOX HEAT EXCH OUT 2009.2 969.6 3.72 3357.1 D.37
MIXER HOT IN 2009.2 969.6 3.72 3357.1 0.37
MIXER COLD IN 1927.3 73.0 3.72 36.1 4.17
MIXER OUT 1%08.7 502.4 7.646 1695.3 0.65
FSOV INLET 1908.7 502.4 7.44 1695.3 0.66
FSOV EXIT 1861.0 502.6 7.44 1695.3 0.65
CHAMBER INJ 1842.6 502.7 7.46 1695.3 0.6%
CHAMBER 1712.8

w OXYGEN SYSTEM CONDITIONS *

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 66,7 61.1 71.17
B.P. EXIT 135.6 163.2 6.7 1.5 71.20
PUMP INLET 135.6 163.2 6.7 61.5 71.20
PUMP EXIT 2773.9 175.4 “4.7 70.¢ 71.73

02 TAMK PRESS 16.0 400.0 0.076 206.7 0.12
ocV INLET 2766.2 175.5 “6.6 70.¢ 71.68
ocV EXIT 1922.3 178.7 44.6 70.6 70.40
CHAMBER [NJ 1884.1 178.8 a6.6 70.6 70.36
CHAMBER 1712.8

= VALVE DATA »

VALVE DELTA P AREA FLOW X BYPASS
JBY 340. 0.14 3.72 $0.00
TBV 2361. 0.01 0.19 5.60
Fsov 8. 1.93 7.464
ocy B24. 0.27 44 .56

» INJECTOR DATA »

INJECTOR DELTA P AREA FLO® VELOCITY
FUEL 120. 1.33 7.44 1274.82
LOX 190. 0.6} L& .64 150.19
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TABLE 16.

SPLIT-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

= TURBOMACHIMERY PERFORMANCE DATA a

" K2 BOOST TURBINE »

EFFICIENCY (T/T) e.873
EFFICIENCY (T/3) 0.48¢
SPEED {RPH)  4143),
MEAN DIA (1%) 2.12
EFF AREA () 1.7¢
ue (ACTUAL ) 0.553
MAX TIP SPEED ar1.
STAGES 1
GAMMA 1.44

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.0}
HORSEPOWER .
EXIT MACH NUMBER .04
SPECIFIC SPEED 116,98
SPECIFIC DIAETER .75

* M2 TURBINE a

EFFICIENCY (T/T) 0.828
EFFICIENCY (T/S) $.812
SPEED (RPM) 125000,
HORSEP OMER 2418.

MEAN DIA. (SL 3.1¢

EFF AREA () e.21
us/c (ACTUAL } 0.49%
MAX TIP SPEED 1000.
STAGES 2
(=, 7Y 1.44

PRESS RATIO (Y/T) 1.81
PRESS RATIO (T/3) 1.83
EXIT MACH NUMBER 9.12
SPECIFIC SPEED 33.4p
SPECIFIC DIANETER 2.10

» 02 BOOST TURBIME =

EFFICIENCY (T/7) 0.869
EFFICIENCY (T/3) 0.s02
SPEED (RPM) 11058,
MEAN DIA [$L H 5.82
EFF AREA (IR2) 2.36
usc (ACTUAL ) 8.553
RAX TIP SPEED 3e2.
STAGES 1
G 1.44

PRESS RATIO (T/T) 1.0
PRESS RATIO (T/S) 1.03
HORSEPOWER 26.
EXIT MACH WUNBER .02
SPECIFIC SPEED 55.64
SPECIFIC DIAMETER 1.47

® 02 TURBINE »

EFFICIENCY (T/T) 9.050
EFFICIENCY (T/S) 0.825
SPEED (RPH) 47789,
HORSEPOWER s76.
MEAN DIA CIN) 3.1
EFF AREA {IN2) 0.29
uw/c (ACTUAL) 9.5%0
MAX TIP SPEED %”*4.
STAGES 4
G 1.44

PRESS RATIO (T/T) 1.13
PRESS RATIQ (T/3) 1.14
EXIT MACH NUMBER 007
SPECIFIC SPEED 42.69
SPECIFIC DIAMETER 1.88

EFFICIEMNCY 0.745
HORSEP OMER .
SPEED (RPM) 4163).
S SPEED 3042,
HEAD {FT) 2n2.
DIA. (IN) 2.43
YIP SPEED €60,
VoL, FLoM Tél.
HEAD COEF 0.450
FLOM COEF 0.200

ssnswsunane

K2 PP -

STAGE OME STAGE TWO STAGE THREE

EFFICTENCY 0.664 0.642
HOR SEPOMER 146%. <83.
SPEED (RPW) 125000. 125000.
53 SeED 11287.
S SPEED 783, 76,
HEAD (FT) 7837, «5767.
BIA. (IM) 3.7 .09
TIP SPEED 2066. 1689.
oL, ALOM 754, 377,
HEAD COEF 8.541 0.517
FLOM COEF 8.0%
DIAMETER RATIO 9.333
BEARING DN 3.00E-06
SHAFT DIAETER 24.00
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* 02 BOOSY PUS &

EFFICIENCY

0.764
HORSEPOMER 26.
SPEED {RPH) 11058,
S SPEED 3026.
HEAD (FT) 262.
DIA. [$4.}] 2.72
TIP SPEED 132.
VOL. FLOM 282.
HEAD COEF 0.450
FLON COEF 0.200

LTI YYTY Y

=02 PU® »

asmasesnenn
EFFICIENCY 0.747
HORSEP OWER 576,
SPEED (RPH) 67789,
St SPEED 22246,
S SPEED 1827.
HEAD {FT) 5298.
DI1A. (81} 2.14
T1F SPEFD 632.
voL. FLOW 280,
HEAD COEF 0.42¢
FLON COEF 0.15%
DIAETER RATIO 0.682
BEARING DM 1.49E+04
SHAFT DIAMETER 22.00

LITTTYTTTY ¥
0.648
«70.
125000.

786.
44733,
3.00
1688,
374,
0.505



TABLE 17. — SPLIT-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

EENBRAANNNANE RN AN NN NS RENRE RN NSO RASOD

CHAMBER PRESSURE 1608.0
VAC ENGINE THRUST 37500.
TOTAL ENGINE FLOW RATE 18.12
DEL. VAC. ISP 480.0
THROAT AREA 11.40
NOZZLE AREA RATIO 1000.0
NOZ2LE EX1T DIAMETER 120.49
ENGINE MIXTURE RATIO .00
ETA Cx 0.993
CHAMBER COOLANT DP 547.
CHAMBER COOLANT DY 879.
NOZZLE/CHAMBER Q 18214,

ENGINE STATIOM CONDITIONS

a FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOM ENTHALPY DENSITY
B.P. INMLET 18.6 37.4 11.17 -107.5 4.37
B.P. EXIT 100.9 38.5 11.17 -103.0 6.39
PUMP INLET 100.9 38.% 11.17 -103.0 4.3
1ST STAGE EXIT 2161.1 65.1 11.17 19.4 &.69
JBV INLET 2128.7 65.4 5.5% 19.5 4.647
JBV EXIT 1809.4 68.2 5.59 19.5 4.26
2ND STAGE EXIT 36418.3 Bl.1 5.59 9% .6 6.54
PuUMP EXIT 4672.0 96.6 5.59 168.6 %.59
COOLANT INET 4%625.3 97.0 5.59 168.6 .57
COOLANT EXIT 4078.0 976.2 5.59 3629. 4 0.71
TBV INLET 4037.2 976.4 0.28 3429.6 0.71
TBV EXIT 1895.0 991.2 0.28 3429.6 D.34
02 TRB INLEY %037.2 976.4 5.31 3429.6 0.71
02 TRB EXIT 3%42.2 949.6 .31 3323.8 0.66
H2 TRB INLET 35642.2 949.6 5.31 3323.8 0.64
H2 TRB EXIT 2012.1 841.7 5.31 2908.9 0.43
H2 TRB DIFFUSER 1988.7 861.8 5.31 2908.9 0.42
H2 BST TRB IN 1%68.8 841.8 5.31 2%08.9 0.42
W2 BST TRB OUT 1943.3 839.46 $.31 289%.3 0.61
H2 BST TRB DIFF 1938.3 839.% Ss.31 2899.3 0.4}
02 BST TRB IN 1918.9 839.6 5.351 2899.3 D.41
02 BST TRB OUT 1905.3 838.2 5.31 28%94.2 0.41
0z BST TRB DIFF 1904.5 838.2 5.31 2896.2 0.41
H2 TANK PRESS 18.6 857.9 0.0105 2921.0 0.0041
GOX HEAT EXCH IN 1895.0 845.8 5.58 2921.0 0.40
GOX HEAT EXCH DUT 1885.5 845.1 5.58 2918.2 0.40
MIXER HOT IN 1885.5 845.1 5.58 2918.2 0.40
MINER COLD IN 1809.4 68.2 5.59 19.5 4.26
MIXER OUT 1791.2 461.3 11.16 1467.5 .70
FSOV INLET 1791.2 441.3 11.1¢ 16467.5 0.70
FSOv EXIT 1746.5 46l1.6 11.16 1467.5 0.69%
CHAMBER INJ 1728.8 441.5 11.16 1467.5 0.68
CHAMBER 1608.0

u OXYGEN SYSTEM CONDITIONS »

STATION PRESS TEMP FLOM ENTHALPY DENSITY
B.P. INLET 16.0 162.7 67.1 61.1 71.17
e.P. EXIT 1I5.6 163.2 67.1 61.5 71.20
PUMP INLET 135.6 163.2 67.1 61.5 71.20
PUMP EXIT 2604 .2 174.3 67.1 69.8 71.75
2 TANK PRESS 16.0 400.0 0.113 206.7 0.12

oCcv IMLET 2578.2 1764.4 67.0 9.8 71.71
ocv EXIT 1806.7 177.3 67.0 9.8 70.51
CHAMEBER IN2 1768 .8 177.4 67.0 9.8 70.45
CHAMBER 1608.0

= VALVE DATA =
VALVE DELTA P AREA FLOM % BYPASS
Jav 319. 0.22 5.59% 50.00
T8V 2142. 0.02 0.28 5.00
30V 45, 7.90 11.16
ocv 773 0.43 66.96

®» INJECTOR DATA »
INJECTOR DELTA P AREA FLON VELOCITY
FUEL 121, 2.00 11.16 1193.76
Lox 179. 0.94 66.9¢ 165.61
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TABLE 17.

SPLIT-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

* TURBOMACHINERY PERFORMANCE DATA »

sesansBEnssaNuERS
" M2 BOCST TURBINE »

* H2 BOOST PUMP »

EFFICIONGY (T/T) 0.884 EFFICIEXCY 0.76%
EFFICIENCY (T/3) 0.701 HORSEP OWHER r2.
SPEED {RPM)  33776. SPEED {RPH) 33776.
MEAM DIA N 2.60 S SPEED 3044,
EFF AREA o) 2.3% HEAD FY) 2704.
usec CACTUAL ) 8.553 DIA. (IN) 2.%
MAX TIP SPEED 467, TiP SPEED 440,
STAGES H VoL, FLOM 1162,
GAMMA 1.41 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOM COEF 8.201

PRESS RATIO (T/S) 1.02
HOR SEP OMER 12,
EXIT MADH NUMBER .07
SPECIFIC SPEED 112.9¢
SPECIFIC DIAMETER 0.77

* H2 TURBINE »

STAGE ONE STAGE THO STAGE THREE

EFFICIENCY (T/T) 0.8%1 EFFICIENCY 0.697 . 486 0.68¢
EFFICIENCY  (T/3) 0.82y HOR SEPORER 1936. 5%. 585.
SPEED (RPM) 107143, SPEED (RPN) 107143, 107143, 107143,
HORSEPOMER 311s. $S SPEED 11876,
MEAN DIA. (S L H 3.70 $ SPEED B6S. ey, [ 2
EFF AREA (12) 0.3 HEAD (FT) 66658, 40081 . 39544.
usc {ACTUAL ) 0.53¢ DIA. (IN} €.2¢ 5.37 3.37
Max TIP SPEED 1812, TiP SPEED 1992, 1577, 1578,
STAGES 2 vOoL. FLOW 1116. 553. S&6.
GAMMA 1.41 HEAD COEF 0.53% 0.518 0.511
PRESS RATIO (T/T) 1.74 FLOW COEF 0.102
PRESS RATIO (T/3) 1.7y DIAMETER RATIO 0.357
EXIT MALH NUMBER 0.14 BEARING DN 3.00E+0¢
SPECIFIC SPEED 38.44 SHAFT DIAMETER 8.00

SPECIFIC DIAMETER 1.9¢

* 2 BOOST TURBINE =

* 02 BOOST PUMVP o

EFFICIENCY (T/T7) 0.877 EFFICIENCY 0.764
EFFICIENMCY (T/S) 0.812 HOR SEPOMER 3.
SPEED (RPN) 9026. SPEED (RPM} ”"026.
MEAN DIA {1 .12 S SPEED 302¢6.
EFF AREA (81, -3 3.30 HEAD FT) 242,
wc (ACTUAL ) 0.558 DIa. (S0 ] 3.34
MAX TIP SPEED 301, TIP SPEED is2.
STAGES 1 VoL, FLOM 423,
GAMMA 1.41 HEAD COEF 0.45¢
PRESS RATIO (T/T) 1.0} FLOM COEF 8.200

PRESS RATI0 (T/S) 1.01

HORSEPORER 39.
EXIT MACH NUMBER 0.0s%
SPECIFIC SPEED 54.11

SPECIFIC DIAMETER 1.%1

snavssscamenns
a2 TURBINE =

(1]
" 02 PP =

EFFICIDLCY (T/7) 0.857 EFFICIENCY 8.7¢0
EFFICIENCY (T/S) 0.833 HOR SEP OWER 79%.
SPEED (RPH) S3578. SPEED (RPM) 53579,
HORSEPD-ER 795. $S SPEED 21532,
MEAN Dia (IM) 3.70 S SPEED 1859,
EFF AREA {I) 0.43 HEAD (FT) “«¥52.
usc {ACTUAL) 0.531 D1A. () 2.460
MAX TIP SPEED 914, TIP SPEED o8,
STAGES 2 VOL. FLOM 420.
Garea 1.61 HEAD COEF 0.431
PRESS RATIO (T/T) 1.4 FLOW COEF 0.15¢
PRESS RATIO (T/3) 1.14 DIAMETER RATIO 0.683
EXIT MADH MUMBER .07 BEARING D 1.39%€+0¢
SPECIFIC SPEED «3.23 SHAFT DIAMETER 26.00

SPECIFIC DIAETER 1.78

1
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TABLE 18. — SPLIT-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1510.7
VAC ENGINE THRUST $0000.
TOTAL ENGINE FLOW RATE 106.17
DEL. VAC. ISP 480.0
THROAT AREA 16.18
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 143.52
ENGINE MIXTURE RATIO 6.00
ETA Cn 0.993
CHAMBER COOLANT DP <87.
CHAMBER COOLANT DT 800.
NOZTLE /CHAMBER Q 22180.

ENGINE STATIOW CONDITIONS

ARNANNNNR R A NR R RENNANEACAO AN R RD

» FUEL SYSTEM CONDITIONS =

STATION PRESS TEWP FLOw ENTHALPY DENSITY
B.P. INLET 18.6 37.4 14.90 -107.5 4.37
B.P. EXIT 101.0 38.5 14.%0 -103.0 «.39
PUNP IMLET 101.0 38.5 14.9%0 -103.0 6.39
1ST STAGE EX1IT 2030.3 61.4 16.9%0 6.4 4.56
JBY INLEY 1999.8 61.7 7.45 6.4 4.52
JBV EXIT 1699.9 64.5 7.45 6.4 4.32
2ND STAGE EXIT 3125.1 73.9 7.65 67.6 4.60
pume EXIT 4227.8 86.1 71.45 128.5 ‘.67
COOLANT IMNLET 4185.5 86.5 7.45% 128.5 .65
COOLANT EXIT 3698.9 886.6 7.45 3106.6 0.71
TBY TMLET 3662.0 886.9 0.37 3106.4 0.70
TBY EXIT 1780.3 899.3 6.37 3106.4 0.3%
D2 TRB IMLEY 3662.0 886.9 7.08 3106.4 .70
02 TRB EX1IT 3201.7 862.1 7.08 3008.4 0.64
H2 TRB IMLET 3201.7 862.1 7.08 3008.46 D.64
H2 TRB EXIT 18%6.7 769.2 7.08 2649.7 0.44
M2 TRB DIFFUSER 1871.9 769.4 7.08 2669.7 0.43
H2 BST TRB IN 1853.2 769.4 7.08 26469.7 0.43
M2 BST TRB OUT 1827.1 766.9 7.08 2640.) 0.642
H2 BST TRB DIFF 1822.1 767.0 T.08 2640.1 0.42
02 BST TRB IN 1803.9 767.1 7.08 2640.1 0.42
02 8SY TRB OUT 1790.1 765.7 7.08 2635.0 0.42
02 BST TRB DIFF 1789.3 765.7 1.08 2635.0 0.42
H2 TANK PRESS 18.6 783.2 0.0153 2658.6 0.0045
GOX HEAT EXCH IN 1780.3 772.4 7.43 2658.6 0.41
GOX HEAT EXCH OUT 12771.4 171.7 7.43 2655.8 0.41
MIXER HOT IN 1771.4 771.7 7.43 2655.8 0.41
MIXER COLD IM 1699.9 64.5 7.45 6.4 .32
MIXER OUT 1682.8 405.4 16.88 1329.7 0.72
FSOV INET 1682.8 405.4 14.88 1329.7 0.72
FSOvV EXIT 1640.8 405.6 16.88 1329.7 0.70
CHAMBER INJ 1626.3 405.6 1¢.88 1329.7 0.70
CHAMBER 1510.7
u OXYGEN SYSTEM COMDITIONS =
STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMET 16.0 162.7 89%.4 61.1 Tz
8.P. EXIT 135.6 163.2 8%.¢ 61.5 71.20
PUMP INLET 135.6 163.2 8%.4 61.5 71.20
PUMP EXIT 26466.6 173.3 8.4 69.2 71.75
0z TANX PRESS 16.0 400.0 0.151 204.7 0.12
OCV IMLET 2622.1 173.4 B9.3 69.2 n.n
ocv EXIT 1695.5 176.2 @9.3 69.2 70.58
CHAMBER INJ 1661.7 176.3 89.3 69.2 70.53
CHAMBER 1510.7
= VALVE DATA »
VALVE DELYA P AREA FLOw ¥ BYPASS
JBY 300. 0.30 7.45% $0.00
BV 1882. 0.02 0.37 5.00
F30V 2. 3.9¢ 14 .88
ocv 727. 0.59 89.29
® INJECTOR DATA »
INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 114, 2.7 14.88 1142.70
LOX 168. 1.29 8y.29 140.86
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TABLE 18. — SPLIT-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

= TURBOMACHINERY PERFORRANCE DATA »

assBsEmaRsBABERERERN EsruBsEREEREENDAR
" M2 POOST TURBIMNE » * H2 B0CST PUMP

EFFICIENCY  (T/7) ¢.893 EFFICIENCY 0.765
EFFICIENCY (T/S) 6.711 HOR SEPOWER *%.
SPEED 1RPM) 29259, SPEED (RPN ) 29259.
MEAN DI1A (N 1.00 3 SPEED 3044,
EFF AREA 0uN2) nn HEAD {FT) 2706.
usc CACTUAL) 0.553 Dla. CIN) 3.44
MAX TIP SPEED “hé. TP SPEED 440,
STAGES 1 VOL. FLOW 1523.
GAMNA 1.40 HEAD COEF 8.450
PRESS RATIO (T/T) 1.81 FLOM COEF 0.201
PRESS RATIO (T/S) 1.02

HORSEP OMER %.

EX1T MACH MUMBER 0.02

SPECIFIC SPEED 112.51

SPECIFIC DIMETER .77

* H2 TURBINE = "R PP

STAGE ONE STAGE TWO STAGE THREE

EFFICIENCY (T/T) 0.849 EFFICIENCY 0.72¢ 0.723 e.222
EFFICIENCY (T/3) 0.843 HOR SEPOMER 2304, 645, 2.
SPEED {RPM) 100008. SPEED (RPM) 100000. 100000. 180000,
HOR SEPOMER 359%1. $S SPEED 12793,
HEAMN Dla. {IN) 3.7 $ SPEED 0. 1068, 1063.
EFF AREA (IN2) 0.47 HEAD (FT) 61758, 34459, 34238.
u/c (ACTUAL ) 0.534 DIA. [(IN) 4. 44 3.3 3.39
MAX TIP SPEED 1700, T1P SPEED 1939, 147y, 1479,
STAGES 2 vOL. FLOM 16722, 726. 716,
GAMMA 1.60 HEAD CDEF 0.52¢ 0.507 0.503
PRESS RATIO (T/T) 1.69 FLOW COEF 0.109
PRESS RATIO {T/5) 1.72 DIAMETER RATIQ 0.391
EXIT MALH NUMBER .15 BEARTHNG DN 3.00E+0¢
SPECIFIC SPEED <6.16 SHAFT DIAME TER 30.00

SPECIFIC DIAMETER .69

savasRsbenauEnEsEnar assmanssarensnnen
» 02 BOOST TURBINE o " 02 BOOST P »
sanEsmsnRRERSRaBanRE usnassessnanennss
EFFICIEMCY (T/T) ».883 EFFICIDMCY 0.764
EFFICIENCY (T/8) 0.8y HOR SEP OMER [3
SPEED (RPM} 7817 SPEED  (RPM) ™17,
MEAN DA (N 822 S SPEED 3026.
EFF AREA  (INZ)  4.30 MEAD (FT) 242.
usc (ACTUAL)  ©.583 DIA. 3T} 3.9%
MAX TIP SPEED s01. TIF SPEED 132.
STAGES 1 voL. FLOW ses.
GaRn 1.40 HEAD COEF 0.450
PRESS RATIO (T/T) 1.0 FLOW COEF 0.200
PRESS RATIO (T/S) .01
HOR SEPOMER s1.
EXIT MACH MUMPER 0.83
SPECIFIC SPEED 55.70

SPECIFIC DIAMETER 1.53

» 02 TURBINE »

EFFICIDXY (T/T) 0.951 EFFICIENCY 0.7¢9
EFFICIENCY (T/S) 0.0 HORSEPOMER 1.
SPEED (RPM) 45004, SPEED (RPM) 45004 .
HORSEPOMER 1. S5 SPEED 20888,
MEAM DIA (IN) 3.87 S SPEED 1895,
EFF AREA tna) 0.68 HEAD (FT) “636.
us/c (ACTUAL ) 0.460 DIA. {1N8) 2.9
MAX TIP SPEED 774 TIP SPEED 58é.
STAGES 2 YO, FLOW 560.
GAMHA 1.40 HEAD COEF 0.434
PRESS RATIO (T/T) 1.14 FLOW COEF 0.158
PRESS RATIO (T/S) 1.18 DIAMETER RATIO 0.68%
EXIT MACH MUBER e.07 BEARING DN 1.35E+04
SPECIFIC SPEED 43.7% SHAFT DIAMETER 30.00

SPECIFIC DIAMETER 1.53



TABLE 19. — DUAL-EXPANDER ENGINE — 7500 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1.2
VAC ENGINE THRUST 7500.
TOTAL ENGINE FLOM RATE 15.63
DEL. VAC. ISP “79.9
THROAT AREA 2.%7
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIMETER 58.52
ENGINE MIXTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT DP «29.
CHAMBER COOLANT DT 490.
NOZZLE CDOLANT DP 186.
NOZZLE CODOLANT DT S64.
CHAMBER Q {HYDROGEN COOLED) “196.
NOZZLE Q [OXYGEW COOLED} 2574,

ENGINE STATION COMDITIONS

» FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOM ENTHALPY DENSITY
B.P. INLET 18.6 37.6 2.264 -107.5 4.37
B.P. EXIT 100.8 8.5 2.24 -103.0 ¢.39
PUMP INLET 100.8 8.5 2.24 -103.0 4.39
1ST STAGE EXIT 1703.5 66.3 2.26 5.9 6.33
puMP EXIT 3256.5 B8 .4 2.24 111.2 4.32
COOLANT IMNLET 3223.9 B8.7 2.24 111.2 6.3
COOLANT EXIT 279%6.6 $78.3 2.24 1988.1 0.82

TBY INLET 2764.7 578.5 0.11 1988.1 0.81

TBV EXIT 1527.4 584.5 0.11 1988.1 0.4%
H2 TRB INET 2766.7 578.5 2.12 1988.1 0.81
H2 TRP EXIT 1607.8 522.2 2.12 1762.7 0.54
H2 TRB DIFFUSER 1578.5 522.3 2.12 1762.7 0.53
H2 BST TRS IN 1562.8 522.3 2.12 1762.7 0.53
H2 BST TRB OUT 1542.2 s21.2 2.12 1757.9 6.52
H2 BST TRB DIFF 1527.4 521.2 2.12 1757.9 0.52

M2 TANK PRESS 18.6 $30.% 0.0034 1769.4 0.0066
FSOV INLET 1527.4 24.4 2.23 1769.4 0.51
FSOV EXIT 16489.2 524.5 2.2 1769.6 0.50
CHAMBER INJ 1474.3 526.6 2.23 1769.4 0.50
CHAMBER 1371.2

® OXYGEN SYSTEM COMDITIONS n

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 13.6 6l.1 71.17
B.P. EXIT 135.¢ 163.2 13.4 61.5 71.20
PUMP INLET 135.6 163.2 13.6 1.5 71.20
PUMP EXIT 4965, 183.4 13.6 79.1 71.57
COOLANT TMNLET 6816.2 188.6 13.6 79.1 71.50
COOLANT EXIT 4630.0 752.7 13.6 271.0 16.91
OTBV IMNLET %630.0 752.7 0.6 271.0 16.91
oTBV EXIT 2313.4 735.0 0.6 271.0 9.19
02 TRB INLET 4630.0 752.7 11.5 271.0 16.91
02 TRB EXIT 2516.1 656.9 11.% 250.46 11.38
02 TRB DIFFUSER 2313.4 €53.9 11.% 250.4 10.5%
02 BST TRB IN 4630.0 752.7 1.3 16.91
02 BST TRB OUuT 45%8.2 737.4 1.3 17.22
02 BST TRB DIFF 459%.8 137.4 1.3 17.21
OBTV INLET “59%6.8 737 .4 1.3 17.21
0BTV EXIT 313.4 718.8 1.3 9.43
MIXER 2313.4 663.9 13.4 10.36

02 TARX PRESS 16.0 $19.8 8.0L5S 0.08
OCv INLET 2197.7 $62.3 13.4 9.88
ocv EXIT 1538.4 652.0 13.4 7.09%
CHAMBER INJ 1523.0 $51.7 13.4 7.02
CHAMBER 1371.2

® VALVE DATA »

VALVE DELTA P AREA FLOW X BYPASS
oTBV 2317. c.o0l 0.60 S.00
TBV 1239. 0.01 0.11 .00
FSOvV 8. 0.7¢ 2.23
OBTV 2283, 0.01 1.36
ocv 659 . 0.2% 13.39

* INJECTOR DATA

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 103, 0.47 2.23 1278.14
LOX 152. 0.sl 13.39 &2e.51



TABLE 19. — DUAL-EXPANDER ENGINE — 7500 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

* TURBOMACH NERY PERFORMANCE DATA =

# M2 BOOST TURBINE »

LTI T YT

" H2 BOOST PUMP »

EFFICIENCY (T/T)  0.702 EFFICIENCY 0.765
EFFICIENCY (T/S)  0.35% HORSEPOWER 16.
SPEED (RPH) 75466, SPEED  (RPM) 75666
MEAN Dla (1N 0.82 S SPEED 3065,
EFF AREA [IN2) 0.94 HEAD (FT) 2701.
use (ACTUAL}  0.553 DIA. 313} 1.33
MAX TIP SPEED 194, TIP SPEED 439,
STAGES 1 VOL. FLOW 229.
GAMMA 1.39 HEAD COEF 6.450
PRESS RATIO (T/T) 1.01 FLOW COEF 0.201
PRESS RATIO (T/5) 1.03
HORSEPO-ER 14.
EX1T MACH NUMBER 0.11
SPECIFIC SPEED 143,67
SPECIFIC DIAMETER 0.51

wEssrnanmRRERn ansmmuunnnn

» M2 TURBINE « " H2 PUMP &

SREFASEBANRARAD RENBENRANRD

STAGE ONE STAGE TWO
sanzmnuny [

EFFICIENCY (T/T)  0.78B6 EFFICIENCY 0.¢27 - 0.631
EFFICIENCY [T/S)  0.754 HORSEPOHER 345. 333,
SPEED (RPM) 187500. SPEED (RPM) 187500. 187500.
HORSEPOWER 677. SS SPEED 9304,
HEAN Dla. (1IN} 2.11 S SPEED Bl6. B33.
EFF AREA (IN2) 0.13 HEAD (FT) 53103. 51706.
usc (ACTUAL)  0.513 Dla.  (IN) 2.2 2.2
MAX TIP SPEED 1800. TIP SPEED 1818. 1818.
STAGES 1 VOL. FLOW 232. 232.
GAMMA 1.39 HEAD COEF 0.517 6.503
PRESS RATIO (T/T} 1.72 FLOM COEF 0.098
PRESS RATIO (T/5) 1.76 DIAMETER RATIO 0.332
EXIT MACH NUMBER 6.16 BEARING DN 3.00E-06
SPECIFIC 3PEED 34.00 SHAFT DIAMETER 16.00
SPECIFIC DIAMETER 2.10

% 02 BOOST PUMP

®* L2 BOOSY TURBINE »

RSB RNNANARRE SRR

EFFICIENCY (T/T)  0.798 EFFICIEMCY 0.764
EFFICIENCY (T/S) 0.752 HORSEPOHER 8.
SPEED (RPM) 20189, SPEED  (RPM) 20189.
MEAN DIA CIN) 2.83 S SPEED 3026.
EFF AREA CIN2) 0.08 HEAD (FT) 262.
vse (ACTUAL)  0.553 DIA. C(IN) 1.49
MAX TIP SPEED 263. T1P SPEED 132.
STAGES ! VOL. FLOW 8s.
GAMMA 1.60 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOW COEF 0.200
PRESS RATIO (T/S) .01
HOR SEPOWER 8.
EXIT MACH NUMBER 0.02
SPECIFIC SPEED &1.76
SPECIFIC DIAMETER 1.85

TSI YT e

» 02 TURBINE » % 02 PUMP =

werrannNmRRRRE YIS I
EFFICIENCY (T/T)  0.811 EFFICIENCY 0.693
EFFICIENCY (T/S)  0.697 HORSEPOMER 335,
SPEED (RPH) 156345, SPEED  (RPM) 156345,
HORSEPOMER 338 SS SPEED 28091.
MEAN DIA (IN) 0.82 S SPEED 1488.
EFF AREA (IN2) 0.12 HEAD (FT) 9514.
usc (ACTUAL)  0.553 DIA. (IN) 1.22
MAX T1P SPEED 648. TIP SPEED 835,
STAGES 1 VOL. FLOM 84.
GAMMA 1.60 HEAD COEF 0.439
PRESS RATIO (T/T) 1.84 FLOW COEF 0.138
PRESS RATIO (T/5) 2.06 DIAMETER RATIO 0.669
EXIT MACH NUMBER 0.33 BEARING DN 1.56E+06
SPECIFIC SPEED 85.30 SHAFT DIAMETER 10.00
SPECIFIC DIAMETER 0.96



TABLE 20. — DUAL-EXPANDER ENGINE — 15,000
TUBE CHAMBER)

ENGIME PERFORMANCE PARAMETERS

CHAMBER PRESSLRE 1218.5
VAC ENGINE THRUST 15000.
TOTAL ENGINE FLOW RATE 31.26
DEL. VAC. ISP 479.9
THROAT AREA 6.0}
NOZZLE AREA RATIO 1000.0
NOZZLE EX1T DIAMETER 87.46
ENGINE MIXTURE RATIO 6.00
ETA Ce 0.993
CHAMBER COOLANT DP 399.
CHAMBER COOLANT DT 3194.
NOZZLE COOLANT DP 212.
NOZZLE COOLANT DT «39.
OHAMBER Q {HYDROGEN COOLED) 8797.
NOZZLE @ [(OXYGEN COOLED) 4210.

ENGINE STATION CONDITIONS

» FUEL SYSTEM CONDITIONS #

STATION PRESS TEMP FLOW ENTHALPY
B.P. INLET l18.6 37.4 4.47 -107.%
B.P. EXIT ipo.8 38.5 %.47 -103.0
PUMP INLET 100.8 38.5 4.47 -103.0
1ST STAGE EXIT 1459.8 56.9 4.47 ~-20.2
PUMP EXIT 2814.1 74.6 .47 61.5
COOLANT IWLET 2786.0 74.8 4.47 61.5
COOLANT EXIT 2386.6 %69.3 4.47 1580.9%
TBV INLET 2362.7 669.4 0.22 1580.9
TBV EXIT 1357.6 ©73.2 0.22 1580.9
H2 TRB INLET 2362.7 469.4 6.2% 1580.9
H2 TRB EXIT 1440.9 %26.3 «.25 1407.8
H2 TRB DIFFUSER 1407.1 426.4 4.25% 1407.8
H2 BST TRB IM 1393.0 426.4 4.2% 1407.8
H2 BST TRB OUT 1371.8 425.2 4.25 1403.0
H2 BST TRB DIFF 1357.6 425.2 6.25 1403.0
H2 TANK PRESS 18.6 431.1 0.0083 1411.9
FSOV INLET 1357.4 “27.6 4.67 1411.9
FSOV EXIT 1323.7 427.7 4.47 1411.9
CHAMBER INJ 1310.5 427.8 4.47 1411.9
CHAMBER 1218.5
®# OXYGEN SYSTEM CONDITIONS =
STATION PRESS TEMP FLOW ENTHALPY
B.P. INLET 16.0 162.7 26.8 61.1
B.P. EXIT 135.6 163.2 26.8 61.5
PUMP INLET 135.6 163.2 26.8 61.5
PUMP EXIT 5031.7 187.5 26.8 79.0
CODLANT INLET 4981.3 187.7 26.8 7%.0
COOLANT EXIT 4769.4 626.46 24.8 235.9
OTBY INET £76%.6 $26.4 1.2 235.9
oT8V EXIT 2056.5 594.0 1.2 235.9
02 TRB IMLET 6769.6 626.6 22.9 235.9
02 TRB EXIT 2268.6 523.0 22.9 215.4
02 TRB DIFFUSER 2056.5 518.3 22.9 215.4
02 BST TRB IN 4769%.4 626.4 2.7 235.9
. 02 BST TRB OUT %730.5 611.8 2.7 231.9
02 BST TRB DIFF 4728.9 611.8 2.7 231.9
OBTV IMLET 4128.9 6il1.8 2.7 231.9
OBTV EXIT 2056.5 578.5 2.7 231.9
MIXER 2056.5 527.4 26.8 218.0
02 TANK PRESS 16.0 460.5 0.039 218.0
OCV INLET 1953.6 $25.1 26.8 218.0
ocv EXIT 1367.5 $10.0 26.8 218.0
CHAMBER INJ 1353.9 509.6 26.8 218.0
CHAMBER 1218.5

® VALVE DATA =

VALVE DELTA P AREA FLOW X BYPASS
OTBV 2713. 0.0} 1.21 5.o0
T8V 100S. 0.01 0.22 5.00
FsSov 34. 1.51 6.4
0BTV 2672. 6.02 2.68
ocv 586. 0.48 26.79

» INJECTOR DATA »

INJECTOR DELTA P AREA FLOW VELOC1TY
FUEL 92. 0.96 4.67 1159.15
LOX 135. 1.18 26.79 366.80

LBF THRUST (COPPER

w®
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21.59

13.93

21.59
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10.%5
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11.89
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8.67



TABLE 20.

DUAL-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

» TURBOMACHINERY PERFORMANCE DATA »

* M2 BOOST TURBINE »

EFFICIENCY (T/T) 0.740
EFFICIENCY (T/3) 0.39)
SPEED (RPM} 53342.
MEAN DlA CIN) 1.16
EFF AREA (IN2) 1.77
uwst C(ACTUAL) 0.551
MAX TIP SPEED 390.
STAGES 1
Gara 1.40
PRESS RATIO (T/T) 1.02
PRESS RATIO (T/S) 1.03
HORSEPOMER 29.
EXIT MACH NUMBER 0.12
SPECIFIC SPEED 147.46

SPECIFIC DIAMETER 0.52

" H2 TURBINE »

EFFICIENCY (T/T) 0.812
EFFICIENCY (T/S) 0.7¢7
SPEED (RPM) 136363.
HORSEPOHER 1041.
MEAN DIA. C(IN) 2.74
EFF AREA (IN2) 0.2
usc {ACTUAL) 0.553
MaX TIP SPEED 1713,
STAGES 1
GAMMA 1.40
PRESS RATIO (TAF) 1.64
PRESS RATIO (T/S) 1.69
EXIT MACH NUMBER 0.19
SPECIFIC SPEED 61.25%

SPECIFIC DIAMETER 1.89

ANNE R R RRE AN NN

* 02 BOOST TURBIMNE »

EFFICIENCY (T/T) 0.807
EFFICIENCY (T/S) 0.765
SPEED (RPM) 14272
MEAN DIA (IN) .01
EFF AREA (IN2) 0.14
usc (ACTUAL) 0.553%
MAX TIP SPEED 261.
STAGES 1
GAMMA 1.73
PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S5) 1.01
HORSEPOMER 15.
EXIT MACH NUMBER 0.02
SPECIFIC SPEED 38.01

SPECIFIC DIAMETER 2.06

® 02 TURBIKE »

EFFICIENCY (T/T) n.830
EFFICIENCY (T/S) 0.722
SPEED (RPM) 110421.
HORSEPOWER 667.
MEAN DIA CIN) 1.16
EFF AREA (IN2) 0.20
vsc (ACTUAL) 0.553
MAX TIP SPEED 640.
STAGES 1
GAMMA 1.73

PRESS RATIO (T/T) 2.10
PRESS RATIO (T/S) 2.40

EXIT MACH NUMBER 0.35
SPECIFIC SPEED 81.68
SPECIFIC DIAMETER 1.01

B H2 BOOST PUMP »

EFF ICIENCY
HORSEPOWRER
SPEED (RPM)
S SPEED
HEAD (FT)
DIaA. (IN)
TIP SPEED
VOL. FLOW
HEAD COEF
FLOW COEF
sammwznERe
= H2 PUP
sapssumnas
STAGE ONE
CTELY YT
EFFICIENCY 0.686
HOR SEPOHER 524.
SPEED (RPM) 136363
SS SPEED 9574.
S SPEED 951.
HEAD (FT) 46223,
DIa. CIN) 2.7%
TI1P SPEED 1659.
VOL. FLOW 452.
HEAD COEF 0.517
FLOW COEF 0.107
DIAMETER RATIO 0.371
BEARING DN 3.00E-06

SHAFT DIAMETER 22.00

0.765

ST

1

® 02 BOOST PUMP »

UssnnnNpEREnY
EFFICIENCY
HORSEPOMER
SPEED {RP®)
S SPEED

HEAD (FT)
DIA. CIN)
T1P SPEED
VOL. FLOW
HEAD COEF
FLOW COEF

asnmsunnuse
" 02 PUMP »
T

EFFICIENCY

HORSEP OMER

SPEED  (RPM)

SS SPEED

S SPEED

HEAD (FT)

DIA. (IN)

TIP SPEED

VOL. FLOW

HEAD COEF

FLOW COEF

DIAMETER RATID

BEARING DH

SHAFT DIAMETER

—
)
N

(LIY]
0.766
15.
16272,
302¢.
262.
2.11
132,
169.
0.45%0
0.200

0.717
667.
110421 .
28065.
1450,
9811.
1.73
834.
168.
0.65¢
0.13¢
0.669
1.SSE~0%
14.00

AGE TwO

0.687
5t7.
36363,

95S.
43654
2.7
1659.
447,
0.511



TABLE 21. — DUAL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1158.7
VAC ENGINE THRUST 25000.
TOTAL ENGINE FLOW RATE 52.10
DEL. VAC. ISP ©79.9
THROAT AREA 10.52
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 115.7¢
ENGINE MIXTURE RATIO .00
ETA C»= 0.993
CHAMBER COOUANT DP 335.
CHAMBER COOLANT DT 347.
NOZZLE COOLANT DP 233.
NOZZLE COOLANT DT 373.
CHAMBER Q (HYDROGEN COOLED) 9968 .
NOZZLE Q (OXYGEN COOLED) 6216.

ENGINE STATION CONDITIONS

» FUEL SYSTEM CONDITIONS »

STATION PRESS TEMW FLOW ENTHALPY DENSITY
B.P. INLET 8.4 37.4 7.46 -107.5 4.37
B.P. EXIT 100.5 8.5 7.46 -105.0 4.3
PUMP INLET 100.5 38.5 7.46 -103.0 6.39
1ST STAGE EXIT 1276.3 52.3 7.46 -37.0 <.50
PUMP EXITY 2670.46 5.7 T.46 2%.0 4.59
COOLANT INLET 2645.7 6.0 7.46 2%.0 4.57
COOLANT EXIT 2110.% 413.4 7.46 1365.6 0.87

TBY INLET 2089.6 413.5 0.37 1365.6 0.86

TBV EXIT 1291.4 415.7 0.37 1365.6 0.55
HZ2 TRB INLET 2089.4 413.% 7.0% 1365.6 0.86
H2 TRB EXIT 1377.3 379.6 7.09 1226.6 8.66
H2 TRB DIFFUSER 1338.5 379.7 7.09 1226.6 0.62
H2 BST TRB IN 1325.1 379.7 7.0% 1226.6 0.62
H2 BST TRB OUT 1304.8 378.% 7.09 1221.8 0.61
H2 BST TRB DIFF 1291.4 378.5 7.0% 1221.8 0.60

H2 TANK PRESS 18.¢ 3182.2 0.0157 1229.0 0.0092
FSOV INLET 12%1.4 380.4 7.64 1229.0 0.60
FSOV EXIT 1259.1 380.4 7.64 1229.0 .59
CHAMBER INJ 12646.5 380.5 7.66 1229.0 0.58
CHAMBER 1158.7

» OXVGEN SYSTEM CONDITIOKS »

STATION PRESS R, 4 FLOM ENTHALPY DENSITY
B.P. INLET 16.0 162.7 “6.7 61.1 71.17
B.P. EXIT 135.6 163.2 46.7 61.5 71.20
PUMP INLET 135.6 163.2 44.7 1.5 71.20
PUW EXIT 4764%.46 186.9 44.7 77.% 71.98
COOLANT INLET 4702.1 185.1 44.7 71.5% 71.91
COOLANY EXIT £669.5 558.1 46.7 216.5 23.78
oTBV INLET 4669.5 558.1 2.0 216.5 23.78
oTBV EXIY 1955.8 519.9 2.0 216.5 12.07
02 TRB IMLET $669.5 558.1 38.2 216.5 23.78
02 TRB EXIT 2156.0 460.9 38.2 197.7 16.13
02 TRB DIFFUSER 1955.0 45%.3 38.2 192.7 14.84
02 BST TRB IN 4469.5 558.1 4.5 216.5 28.78
02 BST TRB OUT 4430.6 5646.5 6.5 212.4 24.41
02 BST TRB DIFF £429.0 866.5 4.5 212.4 26.641
OBTV INLET 4429.0 564.% 4.5 212.4 26.41
0BTV EXIT 1955.0 505.5 4.5 212.4 12.57
MIXER 1955.0 %62.5 46.7 200.0 16.46

02 TANK PRESS 16.0 378.4 0.080 200.0 0.13
OoCcV INLET 1857.3 459.7 66.7 200.0 13.82
ocv EXIT 1300.1 “51.46 46.7 200.0 10.00
CHAMBER INJ 1287.1 440.9 “6.7 200.0 .91
CHAMBER 1158.7

= VALVE DATA »

VALVE DELTA P AREA FLOM X BYPASS
oTBvY 2514. 0.32 2.01 5.00
BV 798. 0.03 0.37 5.00
Fsov 32. 2.49 7.44
OBTY 2476. 0.04 4.47
ocy 557. 0.76 44.65

» INJECTOR DATA =

INJECTOR DELTA P AREA FLOw VELOCITY
FUEL B8 . 1.58 7.44 1093.33
LOX 128. 1.87 44.65 330.17

136



TABLE 21.

DUAL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

» TURBOMACHINERY PERFORMAMNCE DATA »

* H2 BOOST TURBINE »

AuNAwWBIOREANRARAN
& H2 BOGST PUMP »

EFFICIENCY (T/T) 0.824 EFFICIENCY 0.766
EFFICIENCY (T/S) 0.436 HORSEPOWER 8.
SPEED (RPH) 41240, SPEED (RPH) 41240,
MEAN Dla (IN) 1.65 S SPEED 3049,
EFF AREA {1N2) 2.93 HEAD (FY) 269%0.
174 (ACTUAL) 0.534 DIA. (LD 2.44
MAX TIP SPEED 376. TIP SPEED «33.
STAGES 1 VOL. FLOW 763.
GAMMA 1.41 HEAD COEF 0.450
PRESS RATIO (T/T) 1.02 FLOW COEF 0.20}
PRESS RATIO (T/S) 1.03

HORSEPOKER “8.

EXIT MACH NUMBER 0.13

SPECIFIC SPEED 150.00

SPECIFIC DIAMETER 0.52

NN RSN ERN NN mnnsesennIN

" M2 TURBINE * » H2 PUMP B
BRENNARNENNNRN NPNERANNERE
STAGE ONE STAGE TWO
[ —— [
EFFICIENCY (T/T)  0.870 EFFICIENCY 0.738 0.736
EFFICIENCY (T/S)  0.801 HORSEPOWER §97. 696.
SPEED (RPM) 125000. SPEED (RPM) 125000. 125000.
HORSEPOMER 1393. SS SPEED 11361,
MEAN DIA. (IN) 2.67 S SPEED 1255, 1245.
EFF AREA (IN2) 6.51 HEAD  (FT) 37%09. 37811.
usc (ACTUAL)  0.553 DIA. (IN) 2.8 2.89
MAX TIP SPEED 1877, T1P SPEED 1578. 1577.
STAGES 1 VoL, FLOW 746. 730.
GAMMA 1.41 HEAD COEF 0.4% 0.489
PRESS RATIO (T/T) 1.52 FLOW COEF 0.12¢
PRESS RATIO (T/S) 1.58 DIAMETER RATIO 0.436
EXIT MACH NUMBER 0.22 BEARING DN 3.00E406
SPECIFIC SPEED 57.47 SHAFT DIAMETER 24.00
SPECIFIC DIAMETER 1.42

WA REREEEEERR R RANN [T

* 02 BOOST TURBINE » 02 BOOST PUMP »

AN NEERRNRARNARNNARR awRmRE RO RN REE
EFFICIENCY (T/T)}  0.847 EFFICIENCY 0.764
EFFICIENCY (T/S)  0.803 HORSEPOMER 26.
SPEED (RPM}  11053. SPEED (RPN 11083.

MEAN DIA (IN) 5.17 S SPEED 302¢.
EFF AREA (IN2) 0.22 HEAD (28] 262.
we (ACTUAL}  0.553 DIA. 303 2.72
MAX TIP SPEED 261. TIP SPEED 132.
STAGES 1 vOr.. FLOW 282.
CArA 1.85 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOW COEF 0.200
PRESS RATIO (T/S) 1.01
HORSEP OWER 26.
EXIT MACH NUMBER 0.02
SPECIFIC SPEED 38.43
SPECIFIC DIAMETER 2.06

AR AN [T

" 02 TURBINE » " 02 PP

RNARRBEaRRANEE Nwnasusunnm

EFFICIENCY (T/T)  0.877 EFFICIENCY 0.737
EFFICIENCY (T/S)  0.764 HORSEPOWER 1018.
SPEED (RPM) B2933. SPEED  {RPM) 82933.
HORSEPOWER 1018. $S SPEED 27218.
MEAN DIA (1N) 1.48 S SPEED 1671.
EFF AREA (IN2) 0.33 HEAD (FT) 9227.
v/c (ACTUAL)  0.553 DIA. W 2.22
MAX TIP SPEED 612. TIP SPEED 80<.
STAGES 1 voL. FLOM 279.
GAA 1.85 HEAD COEF 0.459
PRESS RATIO (T/T) 2.07 FLOW COEF 0.137
PRESS RATIO (T/S) 2.37 DIAMETER RATIO 0.671
EXIT MACH NUMBER 0.3% BEARING DN 1.G9E+06
SPECIFIC SPEED 83.68 SHAFT DIAMETER 18.00
SPECIFIC DIAMETER 1.01



TABLE 22. — DUAL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1075.9
VAC ENGINE THRUST 37500.
TOTAL ENGINE FLOW RATE 78.15
DEL. VAC. ISP .79.9
THROAT AREA 16.99Y
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 167.09
ENGINE MIXTURE RATIO 6.00
ETA Cw» 0.993
CHAMBER COOLANT DP 27%.
CHAMBER COOLANT DT 317,
NOZZLE COOLANT DP 2640.
NOZZLE COOLANT DT 32¢.
CHAMBER Q (HYDROGEN COOLED) 13588.
MNOZZLE Q {(OXYGEN COOLED) 8378.

ENGINE STATION CONDITIONS

» FUEL SYSYEN CONDITIONS »

STATION PRESS TOP FLOW ENTHALPY DENSITY
B.P. INLET 18.¢ 37.4 11.19 -107.% 4.37
B.P. EXIT 100.3 8.5 11.19 -103.0 4.39
PUMP INLET 100.3 38.% 11.19 -103.0 6.3
1ST STAGE EXIT 113%.0 50.0 11.19 -66.5 .51
PUMP EXIT 2200.4 1.2 11.19 10.2 G.61
COOLANT INLET 2178.4 6.6 11.19 10.2 4.5%9
COOLANT EXIT 1899.3 378.0 11.19 1224.6 0.86
T8V INLET 1880.3 3m8.0 0.5¢6 1226.6 0.85
TBY EXIT 11%7.8 379.4 0.56 1224.6 0.56
H2 TRB INLET 1880.3 3718.0 10.63 12264. 6 0.8%
H2 TRB EXIY 1284.1 349.2 10.63 1105.46 0.65
HZ TRB DIFFUSER 1243.7 34%.2 10.63 1105.4 0.63
H2 BST TRB IN 1231.3 349.2 10.63 1105.4 0.63
H2 BST TRB OUT 1211.1 348.1 10.63 1100.6 0.62
H2 BST TRB DIFF 1197.8 348.1 10.63 1100.¢ 0.861
HZ TANK PRESS 18.6 350.3 0.0257 1106.8 0.0100
FSOV INLET 1197.8 349.7 11.1¢ 110¢6.8 0.61
FSOV EXIT 1167.9 349.7 11.1é 1106.8 0.59
CHAMBER INJ 1156.2 369.7 11.1¢ 1106.8 0.59
CHAMBER 1075.%
= OXYGEN SYSTEM COMDITIONS »
STATION PRESS TE FLONW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 67.1 1.1 71.17
B.P. EXIT 135.6 163.2 67.1 1.5 71.20
PUMP INLET 135.6 163.2 67.1 $1.5 71.20
PUMP EXIT 4640.2 183.6 7.1 7¢6.9 72.08
COOLANT INLET £595.8 183.8 67.1 76.9 72.01
COOLANT EXIT 4353.9 509.5 7.1 201.7 26.47
OTBV INMLET 4353.9 509.5 3.0 201.7 26.67
QTBV EXIT 1815.9 “66.2 3.0 201.7 13.30
02 TRB INLET 4353.9 509.5 57.4 201.7 26.47
02 TRB EXIT 2016.1) €16.3 57.4 183.6 18.20
02 TRB DIFFUSER 1815.9 409%.9 57.4 183.6 16.70
02 BST TRB IN 4353.9 509.5 6.7 201.7 26.47
02 BST TRB OUT 4312.6 £9%6.8 6.7 197.6 27.23
02 BST TRB DIFF 4310.9 £%6.8 6.7 197.¢ 27.2
OBTV INLET 43510.9 49%6.8 6.7 197.6 27.22
OBTV EX1T 1815.9 450.9 6.7 197.% 13.93
MIXER 1815.9 %15.8 7.0 185.9% 16.19
02 TANK PRESS 16.0 313.7 0.146 185.% 0.15
OoCV INLET 1725.1 412.6 67.0 185.9 15.49
ocvY EXIT 1207.6 391.5% €7.0 185.9 11.27
CHAMBER 1RJ 1195.5 39%0.9 €7.0 185.9 11.17
CHAMBER 1075.9

u VALVE DATA »

VALVE DELTA P AREA FLOW X BYPASS
oTBY 2538. 0.03 I.02 5.00
BV 683, 0.04 0.56 5.00
Fsov 30. 3.86 11.16
0BTV 2695. 0.06 6.71
ocy s18. 1.12 66.98

» INJECTOR DATA =

INJECTOR DELTA P AREA FLOM VELOCITY
FUEL BO. 2.%6 11.16 1036.90
LOX 120. 2.74 66.98 300.13



TABLE 22. — DUAL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

AR AMNNAR AR R NN R AR RN RN RN
* TURBOMACHINERY PERFORMANCE DATA &
L T T T T TN T T T T )
EANANSA RN R AR RN
® H2 BOOST TURBINE »

* H2 BOGST PUMP

EFFICIENCY (T/T) 0.83¢ EFFICIENCY

EFFICIENCY (T/S) 0.443 HORSEPOMER

SPEED (RPM) 33632. SPEED (RPM) 33632,
MEAN DIA C(IN) 1.7¢ S SPEED 3081.
EFF AREA (IN2) 6.3% HEAD {FT) 2686,
usc (ACTUAL ) 0.530 DIA. (IN) 2.9
MAX TIP SPEED 373. T1P SPEED 438.
STAGES 1 YOL. FLOW 1144.
GAMMA 1.37 MEAD COEF 0.450
PRESS RATIO (T/T) 1.02 L0 COEF 0.201
PRESS RATIO (T/3) 1.03

HORSEPOWER 71.

EXIT MACH NUMBER 0.13

SPECIFIC SPEED 150.00

SPECIFIC DIAMETER 0.52

» M2 TURBINE » " H2 PUMP »
IR RN YR BANRARNERR
STAGE ONE STAGE TWO
AAREBENNS EpERENERS
EFFICIENCY (T/T)  0.884 EFFICIENCY 0.760 0.759
EFFICIENCY (T/S)  0.799 HORSEPOWER 295, 898.
SPEED (RPM) 107143, SPEED (RPM) 107145, 107143,
HORSEPOWER 1793. SS SPEED 11948,
MEAN DIA. (IN) 2.89 S SPEED 1446, 1429,
EFF AREA (IN2) 0.83 HEAD (FT) 33431, 33485,
usc (ACTUAL}  0.553 DIA. (IN) 3.22 3.22
MAX TIP SPEED 1488. TIP SPEED 1508. 1508.
STAGES 1 VOL. FLOM 113, 1090.
GAMMA 1.37 HEAD COEF 0.473 0.474
PRESS RATIO (T/T) 1.46 FLOW COEF 0.13¢
PRESS RATI1O (T/8) 1.53 DIAMETER RATIO 0.471
EXIT MACH NUMBER 0.23 BEARING DN 3.00E+04
SPECIFIC SPEED 67.54 SHAFT DINETER 28.00
SPECIFIC DIAMETER 1.23
LLL R ISR TN Y] PENNRNSENPPERERNN
» 02 BOOST TURBINE w = 02 BOOST PUMP
RANNNANRNNN TR RN NN GRNERRNNURARERERRNN
EFFICIENCY (T/T)  0.8S3 EFFICIENCY 0.764
EFFICIENCY (T/S)  0.810 MORSEPOMER 39.
SPEED (RPM) 9023, SPEED  (RPM) 9023,
MEAN DIA tINy 6.34 S SPEED 3026.
EFF AREA (IN2) 0.31 HEAD (FT) 2642.
we (ACTUAL}  0.553 DIA. (IN) 3.34
MAX TIP SPEED 260. TIP SPEED 132.
STAGES ! VOL. FLOW 423,
GAMMA 1.95 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOW COEF 6.200
PRESS RATIO (T/S) 1.01
HORSEPOMER 39.
EXIT MACH NUMBER 0.02
SPECIFIC SPEED 37.46
SPECIFIC DIAMETER 2.12
LERAS RN ERERE Y LAAEEI LYY |
» 02 TURBINE » " 02 PUMP
T T
EFFICIENCY (T/T) 0.887 EFFICIENCY 0.751
EFFICIENCY (T/S)  0.774 HORSEP OMER 1463.
SPEED (RPM)  66685. SPEED  (RPM) 66685
HORSEPOWER 1463, SS SPEED 26810.
MEAN DIA . CUIN) 1.80 S SPEED 14676.
EFF AREA (IN2) 0.48 HEAD FT) 8996,
usc (ACTUAL}  0.553 DIA. (N 2.71
MAX TIP SPEED 598, TIP SPEED 7%0.
STAGES ! vOL. FLOM 418,
GAMMA 1.9% HEAD COEF 0.466
PRESS RATIO (T/T) 2.16 FLOW COEF 0.138
PRESS RATID (T/S) 2.49 DIAMETER RATIO 0.672
EXIT MACH NUMBER 0.36 BEARING DM 1.47E+0¢
SPECIFIC SPEED 83.50 SHAFT DIAMETER 22.00

SPECIFIC DIAMETER 1.02



TABLE 23. — DUAL-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

ERERRANASENNENANNERORSOREREDNNRA

CHAMBER PRESSURE 1042.6
VAC ENGINE THRUST 50000.
TOTAL ENGINE FLOW RATE 104.20
DEL. VAC. ISP 479.8
THROAT AREA 23.37
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 172.52
ENGINE MIXTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT DP 243.
CMAMBER COOLANT DT 296.
NOZZLE COOLANT DP 263.
NOZZLE COOLANT DT 306.
CHAMBER Q [HYDROGEN COOLED} 16868.
NOZZLE Q (DXYGEM COOLED) 10504.

ENGINE STATION CONDITIONS

» FUEL SYSTEM CONDITIONS »

STATION PRESS TEMP FLOM ENTHALPY DENSITY
B.P. INLET 18.6 37.4 16.92 -107.% 4.37
B.P. EXIT 100.8 38.5 14.92 -103.0 4.3%
PUP INLET 100.8 38.5 14.92 -103.0 .39
1ST STAGE EXIT 1093.9 49.2 16.92 -49.8 %.52
. PUMP EXIT 2113.5 59.¢ 14.92 3.8 6.62
COOLANT IHLET 2092.4 59.8 16.92 3.8 4.61
COOLANT EXIT 1849.0 355.5 16.92 11364.2 0.89

TBY IMLET 1830.5 355.5 0.75 1136.2 0.88

TBV EXIT 1162.0 356.6 0.75 1134.2 0.58
H2 TRB IMLET 1830.5 355.% 14.18 1136.2 0.88
M2 TRB ENIT 1252.7 328.3 14.18 1021.8 0.67
H2 TRB DIFFUSER 1207.8 328.3 14.18 1021.8 0.6S
H2 BST TRB IN 1195.7 128.3 14.18 1021.8 0.65
2 BST TRB OUT 1175.1 327.2 14.18 1017.0 0.64
H2 BST TRB DIFF 1162.0 327.2 14.18 1017.0 0.63

H2 TANK PRESS 18.6 328.6 0.0364 1022.9 0.0107
FSOV INLET 1162.0 3128.6 14.89 1022.9 D.63
FSOV EXIT 1133.0 3128.7 14.89 1022.9 0.61
CHAMBER INJ 1121.6 328.7 14.89 1022.9% .61
CHAMBER 1062.6

% OXYGEN SYSTEM COMDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INET 1¢.0 162.7 89.5 é1.1 7.7
B.P. EXIT 135.6 163.2 3.5 1.5 71.20
PUMP INLET 135.6 163.2 83.5 61.5 71.20
PUMP EXIT 4813.6 183.9 89.5 77.3 72.17
COOLANT INLET 4765.5 184.2 89.5 77.3 72.10
COOLANY EXIT 4502.3 “BY.7 89.5 19%.6 28.70
OTBV INLET 4502.3 %89.7 4.0 194.6 28.70
oTBvV EXIT 1759.3 «3%.8 4.0 1%4.6 146.02
02 TRB IMLET 4502.3 489%.7 76.5 196.6 28.70
02 TRB EXIT 1964.3 394.8 76.5 176.1} 19.87
02 TRB DIFFUSER 1759.3 387.8 76.5 176.1 18.21
02 BST TRB IN 4502.3 489.7 ’.0 196.6 28.70
02 BST TRE OUT 4458.1 477.3 3.0 190.5 29.58
02 BST TRB DIFF 4656.46 477.3 .0 190.5 29.57
OSTV INLET 4656.6 477.3 3.0 190.5 29.57
0BTV EXIT 1759.3 427.3 9.0 190.5 14.78
MIXER 1759.3 393.8 89.3 178.4 17.59%

02 TANK PRESS 16.0 279.6 0.2t7 178.4 0.127
ocY IMLET 1671.6 3%0.5 89.3 178.4 16.85
ocvY EXIT 1169.9 368.2 89.3 178.4 12.33
CHAMBER INJ 1158.2 367.6 89.3 1718.6 12.22
CHAMBER 1042.6

» VALVE DATA =

VALVE DELTA P AREA FLOM X BYPASS
oTsv 2743. .03 &.03 .00
TBY $68. 0.06 0.7% 5.00
FSOV 29. 5.16 14.89
OBTV 2697. 6.07 B.%
ocv 501. 1.45 89.31

» INJECTOR DATA »

INJECTOR DELTA P AREA FLOM VELOCITY
FueL 79. 3.26 16.89 1012.37
LOX 116. 3.56 89.31 282.09
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TABLE 23. — DUAL-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

CEARNEEARERE R MU RRRRI NS RANNANRA AN

» TURBOMACHINERY PERFORMANCE DATA #

» H2 BOOST TLRBINE »

" H2 BOOST PUMP »

PEARENANBENORASREDREN LI} ANAEERENN
EFFICIENCY (T/T)  0.849% EFF ICIENCY 0.765
EFFICIENCY (T/S)  0.458 HORSEP OHER ”%.

SPEED (RPM)  29203. SPEED  (RPM) 29203.
MEAN DIA (W) 2.02 S SPEED 3046.
EFF AREA  (INZ}  5.69 HEAD (FT) 2700.
usc (ACTUAL}  0.526 D1A. 31} 3.45
MAX TIP SPEED 370. TIP SPEED 439.
STAGES 1 VOL. FLOW 1526.
GAMAA 1.40 MEAD COEF 0.450
PRESS RATIO (T/T)  1.02 FLOM CDEF 0.201
PRESS RATIO (T/S)  1.0%
HORSEPOWER %%.
EXIT MACH NUMBER 0.13
SPECIFIC SPEED 150.00
SPECIFIC DIAMETER  0.52

RERNBERARBEORA BRESSNNSARN

» H2 TURBINE » " H2 PUMP =

BREEENRERE -a ERREARNRANN

STAGE ONE STAGE TWO
ANRSNERNE RAENNREAREDR
EFFICIENCY (T/T)  ©.893 EFFICIENCY 0.771 0.770
EFFICIENCY (T/S)  0.7% HORSEPOWER 1123, 1131,
SPEED (RPM) 100000. SPEED (RPM) 100000. 100000.
HORSEPOWER 22%4. SS SPEED 12825.
MEAN DIA. Ny 3.00 S SPEED 1612. 1588.
EFF AREA (D) 1.10 HEAD (FT) 31936, 52103,
usc [ACTUAL]  0.583 DIA. CIN) 3.64 3.46
MAX TIP SPEED 1464, TIP SPEED 1501, 1501.
STAGES 1 VOL. FLOM 1483. 1450.
GAMMA 1.40 HEAD COEF 0.456 0.458.
PRESS RATIO (T/T)  1.46 FLOW COEF 0.144
PRESS RATIO (T/S)  1.53 DIAMETER RATIO 0.505
EXIT MACH NUMBER 0.2% BEARING DN 3.00E+06
SPECIFIC SPEED 74.48 SHAFT DIAMETER 30.00

SPECIFIC DIAMETER 1.13

% 02 BOOST TURBINE =

» 02 BOOST PUMP

EFFICIENCY (T/T)  0.857 EFFICIENCY 0.764
EFFICIEMCY (T/5)  0.81% HORSEPOWER 52.
SPEED (RPW) 7813, SPEED  (RPM) 7813,
MEAN DIA (IN) 7.32 S SPEED 3026.
EFF AREA (N2 0.3 HEAD (FT) 262.
v/e (ACTUAL]  B.553 DIA. [$1) 3.85
MAX TIP SPEED 260. TIP SPEED 132.
STAGES 1 voL. FLOK S6é.
GAMMA 1.98 MEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOW COEF 0.200
PRESS RATIO (T/S) 1.01
HORSEPOWER s2.
EXIT MACH NUMBER 0.02
SPECIFIC SPEED 36.25
SPECIFIC DIAMETER  2.19
NHARNBANRERR
» 02 TURBINE » » 02 PUMP »
enmnmannaREReE [P
EFFICIENCY (T/T)  0.B9S EFFIC1ENCY 0.758
EFFICIENCY (T/S)}  0.7B& HORSEP OWER 2003.
SPEED (RPH] $582%8. SPEED  (RPM) 58298.
HORSEPOHER 2003. S5 SPEED 27067.
MEAN DIA () 2.09 S SPEED 1449.
EFF AREA () 0.60 MEAD (FT) $330.
usc (ACTUAL)  0.55% DIA. (N 3.14
MAX TIP SPEED €03. TIP SPEED 799.
STAGES 1 voL. FLOM 557.
GAMMA 1.98 HEAD COEF 0.470
PRESS RATIO (T/T)  2.29 FLOM COEF 0.136
PRESS RATIO (T/S)  2.66 DIAMETER RATIO 0.671
EXIT MACH NUMBER 0.3¢ BEARING DN 1.G0E+06
SPECIFIC SPEED 81.67 SHAFT DIAMETER 24.00
SPECIFIC DIAMETER 1.06
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FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 7500 LBF THRUST (COPPER TUBE CHAMBER)

TABLE 24. —

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1941.3
VAC ENGINE THRUST 7500.
TOTAL ENGINE FLOW RATE 15.62
DEL. vAC. ISP 480.1

THROAT AREA 1.8%

NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 49.07
ENGINE MIXTURE RATIO 6.00
ETA Cn 0.993
CHAMBER COOUANT DP 1386.
CHAMBER COOLANT DT 796.
NOZZLE /CHAMBER Q 6383.

ENGINE STATION CONDITIONS

* FUEL SYSTEM CONDITIONS =

STATION PRESS TEw FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.46 2.23 -107.5 %.37
B.P. EXIT 100.4 38.5 2.23 -103.0 4.39
PUMP INLET 100.6 38.5 2.23 -103.0 4.39
1ST STAGE EXIT 2202.9 8.6 2.23 58.1 4%.15
2ND STAGE EXIT 4€183.0 114.8 2.23 210.1 4.11
PUMP EXIT 4085 .6 167.1 2.23 354.6 4.15
COLD REGEN IN 6024.8 167.6 2.23 354.6 4.13
COLD REGEN EX 5964.5 369.0 2.23 1247.9 2.24
COOLANT IMLET 5964.5 369.0 2.23 1247.9 2.26
COOLANT EXIT 4578.7 1165.3 2.23 4105.7 0.67

TBY INLET 4532.9 1165.6 0.11 6105.7 0.67

TRV EXIT 241.0 1182.1 0.1} 4105.7 0.34
02 TRP IMLET 452, 1165.¢ 2.12 4105.7 0.67
02 TRB EXIT 6200.2 1148.1 2.12 4035.8 B8.63
H2 TRB IMLEY 4200.2 1148.1 2.12 4035.8 0.63
H2 TRB EXIT 2361.2 1023.¢ 2.12 3553.8 . 0.41
H2 TRB DIFFUSER 2335.7 1023.8 2.312 3553.8 0.41
H2 BST TRB IN 2312.4 1023.8 2.12 3553.8 0.41
H2 BST TRB OUT 2298.6 1022.7 2.12 354%.0 0.40
H2 BSY TRB DIFF 2283.7 1022.8 2.12 3549.0 0.40
02 BST TRB IN 22460.8 1023.8 2.12 3549.0 0.39
02 BST TRB OUT 2253.6 1022.3 2.12 3544.5 0.39
02 BST TRB DIFF 2282.2 1022.3 2.12 35646.5 0.39

H2 TANK PPESS 18.6 1046.2 0.0017 3574.4 0.0033
GOX HEAT EXCH IN 2241.0 1030.4 2.23 3574.4 0.39
GOX HEAT EXCH OUT 2229%.8 1030.1 2.23 3573.1 0.39
HOT REGEN IN 2229.8 1030.1 2.23 3573.1 0.39
HOT REGEN EX 2162.9 175.% 2.23 2679.1 0.49
FSOV INLET 2162.9 1759 2.23 2679.1 0.49%
FSOV EXIT 2108.8 776.2 2.23 2679.1 0.48
CHAMBER INJ 2086.8 176.4 2.23 2679.1 0.47
CHAMBER 1941.3

® OXYGEN SYSTEM CONDITIONS »

STATION PRESS TE® FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 13.4 61.1 71.17
B.P. EXIT 135.6 163.2 13.4 61.5 71.20
PUMP INLET 135.6 163.2 13.4 61.5 71.20
PUMP EXIT 3143.% 178.8 13.4 72.5 71.5%

02 TANK PRESS 16.0 400.0 0.023 206.7 g.12
OCY INET 3112.% 179.0 13.4 72.% 71.48
OocY EXIT 2178.7 182.6 13.4 72.5 70.06
CHAMBER INJ 2135.4 182.9 13.4 72.5 69.97
CHAMBER 1941.3

® VALVE DATA =
VALVE DELTA P AREA FLON X BYPASS
TBY 22%2. e.0 0.11 $.00
FsSov 56. [ 2.23
ocv 934, c.o8 13.39
® INJECTOR DATA »

INJECTDR DELTA P AREA FLOM VELOCITY
FUEL 166. 0.44 2.23 1558.2¢
LOX 216. 0.17 13.39 160.32
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TABLE 24. FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 7500 LBF THRUST (COPPER TUBE CHAMBER) (CONTINUED)

" TURBOMACHINERY PERFORMANCE DATA «

LLYYY XTI P ITTTTTY

® M2 DOOST TURBINE =

EFFiC1IOKY  (1/T) 0.7 EFFICIDCY b.768
EFFICIENCY  (T/%) 9.322 HORSEPCMER 16,
SPEED (RPH) 75394, SPEED (mPM) 7Siv4.
MEAN DIA an) 0.8 $ SPEED Ll
EFF ARfa (81 -3] 1.32 HEAD [{28) 2693,
we (ACTUAL Y 0.543 Dia, R} 1.33
MAX TIP SPEED 406, YiF SFEED 39,
STAGES H VO, FLOM 228.
[~ 1.3% HEAD COEF b.450
PRESS RATIO (T/T) 1.01 FLOW COEF 0.201
PRESS RATIO (T/S) 1.01

HOR SEPOWER 16,

EXIT MACH NUMBER 0.10
SPECIFIC SPEED 150.00
SPECIFIC DIAMETER 0.48

sxszunmesneans

" H2 TURBINE »

sscasnsancusns .

STAGE OME STAE TWD STAGE TWREE
B23svanse  Pedrensss Snasnsssnas

EFFICIBCY  (T/T) 0.792 EFFICIDCY 8.583 8.589
EFFICIENCY (T/%) 0.779 HOR SEPOMER 1. “57.
SPEED (RPM) 187500, SPEED (RPN} 187500, 187508,
HORSEPOMER 1447, S SPEED
MEAN DIA. (210} .77 S SPEED 7. .
FF kA [RL -3} Q.12 HEAD (FT) 7). e2r).
uwt (ACTUAL ) e.511 DIa.  (IM) 2.58 2.58
MAX TIP SPEED 1585, 1P SPEED 2092, 2092.
STAGES 3 VOL. FLOM 264, 261,
[~ 1.3% HEAD COEF 0508 0.497
PRESS RATIC (T/T) 1.78 FLOW COFF
PRESS RATIO (T/3) 1.80 DIAMETER RATIO
EXIT MACH MUMBER .13 BEARTNG DM 3.00€-0¢
SPECIFIC SPEED “9.86 SHAFT DINETER 14.00
SPECIFIC DINETER 1.48

.
¢ 02 BOOST PP o

a2 POOST TURBINE »
.

EFFICIEMCY (T/T) 0.s00 EFFiCIDCY 0.784
EFFICIDECY (/%) 0.633 HORSEP MR ..
SPEED (RPYM)  20186¢. SPEED  (vPNM) 20106
MEAN DIA (IN) 2.23 3 SPEED 3026,
EFF AREA [§1-3) 1.0¢ HEAD (130} 2.
wt (ACTUAL ) 8.553 Dla. [$LH 1.49
MAX TIP SPEED 243, TI> 2t 132,
STAGES 1 VoL, Ao .
GANA 1.38 HEAD COrF 0.458
PRESS RATIO (T/T) 1.09 FLOM COEF 8.208
PRESS RATIO (T/S) 1.00

NORSEPOMER ..

DXIT RADH NUMBER 0.03

SPECIFIC SPEED 108.41

SPECIFIC DIAMETER .76

- sacssseenns
® 02 TURBINE o L4 ]
essnseocusanne .

EFFICIENCY (T/T) 0.808 EFFICIDCY e.ro3
EFFICIENCY (T/85) 0.749 HOR SEPOMER 210
SPEED (REM) 132977, SPEED (Pm) 132977,
HORSEPOMER 210, 33 srEED 23,
MEAN DIA Ny .77 S SPEED trrr.
EFF anta (R -2} 0.2) MEAD F1) (133
wtr (ACTUAL ) 0.%49 DA, (1) 1.1y
MAX TIP SPEED 1107, TiP SPEED -,
STAGES 1 VOL. FLOM [ 2%
[ ] 1.38 MEAD COEF 041}
PRESS RATIO (T/T) 1.08 LOM COE¥ 0.182
PRESS RATIO (T/5) 1.09 DINETER RATIO .87y
EXIT MACH NUMBER 0.0y BEARING DN 1.60€E-0¢
SPECIFIC SPEED 52.8% SHAFT DIAME TER 12.00
SPECIFIC DIAMETER 1.4

REGEMERATOR DATA

Cob SIDE HOT SIDE
e r 60.2% 66.89
DELY 22).44 -254.13
AREA 0.1¢ 0.46%
Rom 2.23 2.2%
EFFECTIVENESS 0.2y
NTY 0.41
CRATIO c.87
[>11] 7.88
REGEN Q@ 1995 .14
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TABLE 25. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 15,000 LBF THRUST (COPPER TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1844.7
VAC EWGINE THRUST 15000.
TOTAL ENGINE FLOW RATE 31.2%
DEL. VAC. ISP 480.1
THROAT AREA 3.%
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 71.18
ENGINE MIXTURE RATIO 6¢.00
ETA C» 0.993
CHAMBER COOLANT DP %01.
CHAMBER COOLANT DT 599.
NOZZLE/CHAMBER Q 9975.

ENGIME STATION CONDITIONS

* FUEL SYSTEM CONDITIONS »

STATION PRESS TEWP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 &.47 -107.5 4.37
B.P. EXIT 100.8 38.5 &.67 -103.0 .39
PUMP INLET 100.8 38.5 4.47 -103.0 4.39
1ST STAGE EXIT 2021.3 8.9 .67 26.5 4.33
2ND STAGE EXIT 3897.6 7.5 6.47 152.4 4.35
PUMP EXIT 5744.8 126.6 6.47 276.9 .40
COLD REGEN IN 5i87.3 124.8 £.67 276, 4.38
COLD REGEN EX 5630.4 88.0 £.67 *02.1 2.60
COOLANT INLET 5630.4 288.0 447 9021 2.60
COOLANT EXIT 4729.4 887.5 4.67 3134.4 0.89

TBY INLET 4682.1 887.8 0.22 3134.4 0.88

TBY EXIT 2128.1 905.0 0.22 3134.4 0.62
02 TRB INLET 4682.1 887.8 6.26 3134.4 0.88
02 TRB EXIT 4278.6 872.% 4.24 3070.6 0.82
H2 TRB INLET 4278.6 8r2.% &.24 3076. 6 0.82
H2 TRB EXI1T 7258.7 773.8 %.24 2672.8 0.51
H2 TRB DIFFUSER 2226.4 773.7 .24 2672.8 0.51
H2 BST TRB IN 22041 773.7 £.26 2672.8 0.51
H2 BST TRB OUT 2185.4 772.6 €.26 2668.0 0.50
HZ BST TRB DIFF 2170.8 772.7 €.264 2668.0 0.50
02 BST TRB IN 2169.1 772. £.2¢ 2668.0 0.4
02 BSYT TRB OUT 2140.3 772.2 .26 2665.6 0.49
02 BST TRE DIFF 2138.8 172.2 £.26 2665.6 0.49

H2 TANK PRESS 18.6 791.8 0.0045 2688.9 0.0064
GOX HEAT EXCH IN 2128.1 778.9 4.46 2488.9 0.48
GOX MEAT EXCH OUT 2117.5 778.6 4.4 2687.5 0.48
HOT REGEN IN 2117.5 178.6 648 2687.5 0.48
HOT REGEN EX 2054.0 é01.9 4.%6 2059.7 0.60
FSOV INET 2056.0 601.9 G.486 2059.7 0.60
FSOV EXIT 2002.6 6062.1 6.46 2059.7 0.58
CHAMBER INJ 1982.7 €02.2 “.46 2059.7 0.58
CHAMBER 1844.7

» OXYGEN SYSTEM COMDITIONS »

SYATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162. 26.8 1.1 71.17
B.P. EXIT 135.6 163.2 26.8 : 1.5 71.20
PUMP INLET 135.6 163.2 26.8 1.5 71.20
PUMP EXIT 2987.5 177.0 26.8 71.6 71.67

02 TANK PRESS 16.0 400.0 0.045 204.7 0.12
OCV INLET 2957.7 177.2 26.8 1.6 71.62
ocY EXIT 2070.4 180.6 26.8 71.4 70.25
CHAMBER INJ 2029.2 180.8 26.8 71.6 70.18
CHAMBER 1864.7

®» VALVE DATA =

VALVE DELTA P AREA FLON X BYPASS
TBY 2554. 0.01 0.22 5.00
FSOvV s1. 1.18 4.446
ocv 887. 0.16 26.78

n INJECTOR DATA »

INJECTOR DELYA P AREA FLOW VELODCITY
FUEL 138. 0.82 446 137%.91
LOX 205. ¢.3% 26.718 156.064



TABLE 25. FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 15,000 LBF THRUST (COPPER TUBE CHAMBER) (CONTINUED)

* TURBOMACHINERY PERFORWMANCE DATA »
s

* H2 BOOST TURBINE =
. -

EFFICIENCY (1/T)  ©.736 EFEICIDEY .28
EFFICIENCY (7/3)  0.359 HORSEPOMER 29.
SPEED (RPM)  S3374. SPEED  ImPW) 53374,
*EAN D1A awy 1.1¢ s srEED 3045,
OF AREA (IN2)  2.02 MEAD [129) 2700,
wce (ACTUAL)  0.583 DIA. am) 1.89
maX TIP SPEED s97. TP SPEED <39,
STAGES 1 voL. FLom a7,
Garow 1.41 MEAD COEF 0450
PRESS RATIO (T/T)  1.81 FLOM COEF e.201
PRESS RATIO (V/3) 1.02
MORSEPOMER 29.
EXIT MACH MUMBER 0.10
SPECIFIC SPEED 1647.58
SPECIFIC DIAMETER  0.51

sescen .

" K2 TURBINE »

. .

SYAGE OME STAGE TWO STAGE THREE
ss esesassss sasnssssass

EFFICIONCY (T/T)  0.79%¢ EFFICIEXY e.631 (WS ) 0.637
EFFICIENCY (T1/S)  ©.773 HORSEPOMER s, ”r. 7.
SPEED (RPM) 136363, SPEED (RPW) 136363, 136363, 136343,
HORSEPOHER 2339 ss srEED [ 'R
MEAN DIA. (1IN 2.46 S SPEED 713, 43, 2.
EFF AREA (N21 0.21 HEAD  (FT) 2239, 261,
we (ACTUAL)  0.464 DIA.  (IN) 3.27 s.2?
MAX TI1P SPEED 1560. TIP SPEED [T N 1943,
STAGES 2 voL. FLom “l. <.
A 1.41 HEAD COEF 0527 0.518
PRESS RATIO (T/T)  1.89 FLON COEF
PRESS RATIO (T/5) 1.93 DIAMETER RATIO
EXIT MACH NUMBER 0.14 PEARIMG
SPECIFIC SPEED 38.41 SHFT DIAETER
SPECIFIC DIAMETER  1.69

- »
* 02 POOSY TURDINE w»

anassasesscssuaan
. 02 POOST P »

EFFICIDZCY  (T/T) 0.824 (1 gl4]5 4 0.764
EFFICIENCY (T/S) 0.674 HORSEPOMER 18,
SPEED (RPM) 14272, PEED (XPM) 14272,
MEAN DiA [SL 3} 3.18 S SPEED 026,
EFF ARCA {IN2) 2.97 MEAD (a8 ] 2.
we CACTUAL)  0.583 Dla. 1m) 2.11
naX TIP SPEED 237, 1IP SPEED 152,
STAGES 1 oL, moe 169,
GAr 1.41 MEAD COEP 0.480
PRAESS RATIO (T/T) 1.00 oW COEF 0.200
PRESS RATIO (T/3) 1.01
HORSEPOMER 18.
ENIT MACH NUMBER .03
SPECIFIC SPEED 101.42
SPECIFIC DIAMETER 0.82

3 .

s 02 TURBINE » s P v

sessesnsmanunn sepsnrunses
EFFICIENCY (T/T) 0.820 EFFiICIDTY .72y
EFFICIENCY (T/%) 0.267 HOR SEPOMER m3.
SPEED (RPM) 91028, SPEED (RPM}Y 1828,
HORSEP OME R LLE N S3 SPEED 23136,
MEAM DIA (IN) 2.46 S SPEED 1792,
EFF AREA CINZ) 0.33 HEAD FY) 5229.
ust (ACTUAL) 0.547 Dla. In) 1.67
MAX TIP SPEED 1043, Tir SPEED (132
STAGES 1 VoL . FLOM 148,
GAMMA 1.61 MEAD COEF 8.420
PRESS RATIO (T/T) 1.09 LON COBF 6.153
PRESS RATIO (1/3) 1.10 DIAMETER RATIO o680
EXIT MACH NUMBER 0.09% BEARING D¢ 1.66E°0¢
SPECIFIC SPEED 48.17 SHAFT DIAMETER 16.08
SPECIFIC DIAMETER 1.63

REGENERATOR DATA

CoLD SI1DE HOT SIDE
DELP 56.58 63.52
DELT 163.1¢ -176.6%
MEA 0.30 1.19
oM ‘.67 6. 46
EFFECTIVENESS o.27
NTU 0.38
CRATIC 0.92
CHIN 15.86
REGEN ¢ 2802.44
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TABLE 26. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 25,000 LBF THRUST (COPPER TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1786.4
VAC ENGINE THRUST 25000.
TOTAL ENGINE FLOW RATE 52.08
DEL. VAC. 1SP 4<80.0
THROAT AREA ¢.85
NOZZLE AREA RATIO 1000.0
NOZZLE EX1T DIAMETER 93.38
ENGINE MIXTURE RATIO .00
ETA C» D.93%3
CHAMBER COOLANT DP 831.
CHAMBER COOLANT DY 480.
NOZZLE/CHAMBER Q 13641.

ENGINE STATION CONDITIONS

= FUEL SYSTEM CONDITIONS =

STATION PRESS TEW FLOMW ENTHALPY DENSITY
B.P. INET 18.6 37.4 7.65% -107.5 .37
B.P. EXIT 101.2 38.5% 7.65 -103.0 %.39
PUMP INLET 101.2 38.5 7.45 -103.0 4.39
1ST STAGE EXIT 1817.1 60.7 7.45 -1.1 4.48
2ND STAGE EXIT 3543.3 81.9 7.45 100.0 4.56
PUMP EXIT 5281.9 102.4 7.4% 200.0 4.66
COLD REGEW IN £229.1 102.9 7.65 200.0 4.62
COLD REGEM EX 5176.8 253.0 7.45 745.0 2.7
COOLANT IHLET 5176.8 253.0 7.65 745.0 2.71
COOLANT EXIT 4346.0 733.1 7.65 2576.3 0.98

TBV IMLETY 6302.6 733.4 0.37 2576.3 0.97

T8V EXIT 2062.2 7647.5 0.37 2576.3 D.69%
02 TRB INCET 4302.6 733.4 7.08 2576.3 0.97
02 TRB EXIT 3897.1 7191 7.08 2516.2 g0.91
H2 TRB INLET 38%7.1 719.1 7.08 2516.2 0.91
H2 TRB EXIT 2196.4 639.3 7.08 2197.4 0.60
H2 TRB DIFFUSER 2159.% 639%.5 7.08 2197.6 0.5
H2 BST YRB IN 2137.9 €39.5 7.08 2197.6 0.59
H2 BST TRB OUT 2118.2 £38.4 7.08 2192.6 0.58
H2 BST TRB DIFF 2104.8 638.4 7.08 2192.6 0.58
02 BST TRB IN 2083.8 638.6 7.08 2192.6 0.57
D2 BST TRB OUT 2074.1 637.9 7.08 2190.0 0.57
02 BST TRB DIFF 2072.6 €37.9 7.08 21%0.0 0.57

H2 TANK PRESS 1B.6 654.5 0.0091 209.4 0.0053
GOX HEAT EXCH IN 2062.2 663.4 7.64 2209.4 0.56
GOX HEAT EXCH OUT 2051.9 663.1 7.64 2208.0 0.56
HOT REGEN IN 2051.9 643.1 7.64 2208.0 0.56
HOT REGEN EX 1990.4 493.1 7.6446 1662.4 e.70
FSOV INLET 1990.4 %93.1 7.46 1662.4 0.70
FSOV EXIT 1940.6 493.3 7.46 1662.6 0.48
CHAMBER INJ 1921.0 493.3 7 .64 1662.4 0.68
CHAMBER 1786.46

» OXYGEN SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMLET 1.2 162.7 46,7 61.1 a7
B.P. EXIT 1I5.8 163.2 6.7 1.5 71.20
PUMP INLEY 5.% 163.2 “%.7 61.5 71.20
PUMP EXIT 2893.0 176.0 6.7 71.0 71.7%

02 TANK PRESS 16.0 400.0 0.076 204.7 0.12
oCcvV INLET 2866.1 176.1 64 .6 71.0 71.70
ocv EXITY 2006.9 179.4 46.6 71.0 70.37
CHAMBER INJ 1965.0 179.8 %6.6 7.0 70.21
CHAMBER 1786 .6

®» VALVE DATA »
VALVE DELTA P AREA FLOM X BYPASS
TBV 2240. 6.02 0.37 5.00
FsSov 50. 1.84 7.44
ocv 859. 0.27 46,64
» INJECTOR DATA =

INJECTOR DELTA P AREA FLOM VELOCITY
FUEL 13%. 1.26 7.66 1266.91
LOX 198. 0.60 44 .66 183.62
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TABLE 26.

— 25,000 LBF THRUST (COPPER TUBE CHAMBER) (CONTINUED)

FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR

* TURBOMACHINERY PERFORMANCE DATA =

» M2 POOST PLNE &

13
" M2 BOOST TURDINE »

EFFICIENCY (T/T)  0.823 EFFICIBNGY 0758
EFFICINGY (T/$)  0.431 HORSEPOMER “.
SPEED (RPH) 41428, SPEED (RPR) cl4z.
MEAN D1a (3 11 I WS s SPEED 3041,
EFF AREA  (1W2)  3.02 HEAD FT) 2113,
wie (ACTUALY  0.538 DlA. aw 2.43
WX TIP SPEED 377, TIP SPEED €40,
STAGES 1 voL. FLOM 2.
e 3.4¢ MEAD COEF 0.450
PRESS RATIO (T/T)  1.01 FLOW COEF s.200
PRESS RATIO (T/S)  1.02
HORSEPOMEN .
EXIT MADH NUMBER .10
SPECIFIC SPEED 50.00
SPECIFIC DIAMETER  0.82

-
"2 TURBINE »

» »
* N2 PIOP =

STAGE OME  STAGE THO STAGE TIYREE

1 »e
EFFICIDEY (T/T)  0.9%¢ EFFICIDCY 8.700 8.49Y 0.s9y
OFFICIENCY (T/S) 0.82¢ HORSEPOMER 1073, 1046, 1084,
SPEED (RPM) 12%000. SPEED (APM) 125000. 125800, 125000,
HORSEPOWER 3191, S8 SPEED ey,
MEAN DIA. CIN) 2.81 S SPEED LU s, 92,
EFF AREA (1. -2] 0.38 HEAD (FT) 55475, 54951. S4386.
we (ACTUAL ) 0.505 DIA. (1IN} 3.3 3.38 3.5
MAX TIP SPEED 1548, TIP SMrEED 1048 . 1945, 19846,
SVAGES 2 VoL, Fuom 746, 233, r20.
G 1.64 HEAD COEF 0.524 8.51 0.514
PRESS RATIO (T/7) L FLOW COEF e.107
PRESS RATIO (T/S}) (8 1} DIAMETER RATIO 6.373
EXIT MALH NUMBER a.1é BEARING D 3.00E+06
SPECIFIC SPEED sS1.88 SHAFT DIAMETER 24,00
SPECIFIC DIANETER 1.43

& 02 BOOST TURBINE »

® G2 BOOST PU o

EFFI1CI1BCY  (T/T)
EFFICIENY (T/3)
SPEED (RPM)
MEAN DI1A CIN)
EFF AREA tIN2)
wt (ACTUAL }
mAX TIP SPEED
SIAGES

GAMPA

PRESS RATID (T/T)
PRESS RATIO (T/3)
HOR SEPOHER

EXIT MACH NUMBER
SPECIFIC SPEED
SPECIFIC DIAMETER

» 02 TURBINE =

EFFICIENCY (T/T)

EFFICIENCY  (T/S)

SPEED (RPH}

HOR SEPOMER

MEAN DIA (313}

EFF AREA 2

wc (ACTUAL )

MAX TIP SPEED

STAGES

[

PRESS RATID (T/T)

PRESS RATIO (T/3)

ENIT MACH WUMBER

SPECIFIC SPEED

SPECIFIC DIAMETER
RECE
LYY

CoLD S1DE

[ 2l g $2.29

[ 28 1%0.12

AREA 0.50

Lo 7.45

EFFECTIVENESS

[ad7]

CRATID

= 30

REGEN &

0.977 EFFICIENCY 0764
0.729 HORSEPOMER 26.
11058, SPEED (hPM) 11058,
4.1t $ SPEED 302s.
4,38 HEAD ({28 242,
0.3S3 DlaA. am a2.n
234, TiF SPEED 132,
] voL. Lo 282.
1.44 HEAD COEF 0.459
1.00 Lo COEr 8.200
1.01
2.
¢.03
.31
.84
(YITTYTTY T

0.954. EFFICIDRY
0.7%¢ HORSEP W ER
69044 . SPEED (RPWM}
$02. 33 SPEED
2.81 S SPEED
».53 MEAD FT)
D.654 DlA. aw)
58 TIP SPEED
] VOL. FLOM
}.64 MEAD COEF
i.l0 FLOM CoEF
1.13 DIAMETER RATIO
.09 BEARING DM 1.38E+0¢6
43.09 SHAFT DIAMETER 20:00
1.60
NERATOR DATA
sxssspEavan:
HOT SIDE
61.56
~180.00
1.86
7.44
0.28
0.40
1.00
27.04
409%.52
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TABLE 27. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 37,500 LBF THRUST (COPPER TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

RERBAEENNAREN N NRE R F AR O NS P AN R AN RN

CHAMBER PRESSURE 1673.2
VAC ENGINE THRUST 37500.
TOTAL ENGINE FLOW RATE 78.12
DEL. VAC. ISP «80.0
THROAT AREA 10.96
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 118.14
ENGINE MIXTURE RATIO 6.00
ETA C» 0.993
CHAMBER CDOLANT DP 752.
CHAMBER COOLANT DT <03.
NOZZLE/CHAMBER Q 17580.

ENGINE STATION CONDITIONS

# FUEL SYSTEM CONDITIONS »

STATION PRESS TEWP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 11.18 -107.5 4.37
B.P. EXIT 100.8 38.5 11.18 -103.0 “.39
PUMP INLET 100.8 38.5 11.18 -103.0 .39
1ST STAGE EXIT 1768.9 58.46 11.18 -7.% .52
2ND STAGE EXIT 3463.0 77.9 11.18 87.1 4.62
PUMP EXIT $182.8 9.7 11.18 181.6 £.72
COLD REGEN IN 5130.9 97.2 11.18 1B1.6 4.70
COLD REGEN EX 5079.6 228.0 11.18 618.8 z2.90
COOLANT IMNLET 5079.6 228.0 11.1B 638.8 2.9%0
COOLANT EXIT %327.2 630.5 11.18 2211.8 1.11

TBV INLET 4<283.9 630.8 0.56 2211.8 1.10

TBV EXIT 1930.3 644.8 0.56 2211.8 0.53
02 TRB INLEY 4283.9 630.8 10.62 2211.8 1.10
0z TRB EXIT 3867.8 618.4 10.62 2156.7 1.03
HZ2 TRB INLET 3867.8 618.¢ 10.62 2156.7 1.03
H2 TRB EXIT 2072.2 5¢6.1 10.62 1857.1 0.66
M2 TRB DIFFUSER 2026.3 566.3 10.62 1857.1 0.664
H2 BSTY TRB IN 2006.0 546.3 10.62 1857.1 8.66
H2 BST TRB OUT 1984.9 565.1 10.62 1852.3 0.63
H2 BST TRB DIFF 1971.7 565.2 10.62 1852.3 0.63
02 BST TRB IN 1952.0 565.3 l10.62 1852.3 0.62
02 BST TRB OUT 1941.5 564.6 10.62 1869.7 0.62
02 BST TRB DIFF 1940.0 564.6 10.42 1849.7 0.62

H2 TANK PRESS 18.6 558.1 0.0161 1867.8 0.0063
GOX MEAT EXCH IN 1930.3 549.7 i1.16 1867.2 0.61
GOX HEAT EXCH OUT 1920.6 549.3 11.1¢ 1866.5 6.61
HOT REGEN IN 1920.6 54%.3 11.16 1866.5 0.6}
HOT REGEN EX 1863.0 425.3 11.1¢ 16408.6 0.75%
FSOV IMLET 1863.0 %25.3 11.1¢ 1408.6 0.75
FSOV EXIT 1816.6 425.4 11.16 1408 .6 0.76
CHAMBER INJ 1798.4 425.% 11.16 1408.6 .73
CHAMBER 1623.2

a OXYGEN SYSTEM COMDITIONS »

STATION PRESS TEMW FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 67.1 1.1 71.17
B.P. EXIT 135.6 163.2 7.1 61.5 71.2
PUMP INLET 135.6 163.2 67.1 61.5 71.20
PUMP EXIT 2709.7 1764.8 7.1 70.2 71.77

02 TANK PRESS 16.0 400.0 c.113 206.7 0.12
ocV INLET 2682.6 1764.9 67.0 70.2 71.73
ocv EXIT 1877.8 177.% 47.0 70.2 70.48
CHAMBER INJ 1840.5 178.0 67.0 0.2 70.42
CHAMBER 1673.2

= VALVE DATA «

VALVE DELTA P AREA FLOW X BYPASS
BV 2354. 0.02 0.56 5.00
FSOV &7. 2.73 11.16
ocv BOS. 0.62 66.96

® INJECTOR DATA »

INJECTOR DELTA P AREA FLOW VELDCITY
FUEL 125. 1.89 11.16 1177.20
LOX 186 . 0.92 66.96 148.3¢6
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TABLE 27. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 37,500 LBF THRUST (COPPER TUBE CHAMBER) (CONTINUED)

¢ TURBOMACHINERY PERFORMANCE DATA &

* M2 BOOST TIRSINE » * K2 BOOST PP »

» »
TFFICIDCY (T/1)  0.839 EFFICIEMCY e.765
EFFICIDGY (7/73)  8.4%% MHOR SEP OMER n.
SPEED (RPR) 33742, SPEED LRPM) 33242,
MEAN DIA [$10] nn 3 SPEED 3ds.
EFF MREA ey 41 MEAD (FY) 2699,
wt (ACTUAL)  0.533 DIA. (40} 2.%
MAX TIP SPEED 323, TIP SPEED 439,
STALES ] VOL . FLOM 1143,
(=0, 1.3 MEAD COEF 0.438
PREST RATIO (T/T) 1.01 FLOM COEF 8.201
PRESS RATIO (T/3) 1.02
HORSEPOER 2.
EXIT MACH MBDGER 0.18
SPECIFIC SPEED 180.
SPECIFIC DIAETER .53

sesssessunrace [TYTTTIYY YV Y

"2 TURBINE » "R PP s

s . L1 .

STAGE O STAGE TMD STAGE THMREE
EFFICIDLY (T/7) 8.95% EFFICIENCY 9.724 o2 [ 7
EFFICIENCY (1/3) 8.81% HORSEPOMER 1503, 158) . 1a9s.
SPEED (RPW) 187143, SPEED (RPM) 107148, 107143, 107143,
HOR SEPOMER 4501, S SPEED tiee2,
MEAM DIA. (41} 2.72 S SPEED 1018. 1000.
EFF AREA e 0.4 MEAD (FT) 53604, s3021.
we (ACTUAL)  B8.464 Bla.  (IN) 3.n9 3.8
nAX TIP SPEED 1597, TiF SPEED 1818, 1818,
STACES 2 vaL. FLOW 1118s. 1043,
GAPw 1.3 HEAD COEF 9.522 8.51¢
PRESS RATIO (T/7) 1.87 FLOM COEF o111
PRESS RATIO (7/3) 1.92 DIAMETER RATIO 8.39)
EXIT RADH NUMBER 0.3 BEARING DN 3.00E+0¢
SPECIFIC SPEED 54.06 SHAFT DIAMETER .00

SPECIFIC DIAETER 1.27

» 02 BOOST TURBIMNE »

* G2 POOST PO »

EFFICIDCY (T/7)  0.987 EFFICIENCY 6.7e4
EFFICIDGCY (1/3)  8.744 HORSEPOMER 3.
SPEED (Pm) SPEED (RPW) 0246,
Ak DIA [§ 13} 3 SPFEED 3826,
EFF AREA [4{ -2% HEAD (FY) 2.
we (ACTUM ) DlaA. i) 3.54
MAX TIP SPEED T1P SPEED 1.
STAGES VOL. PO 423.
[ HEAD COEF 0.450
PRESS RATIO (T/T7) fLON COEF 0.208
PRESS RATIO (V/3)
HORSEPOMER
EXIT MACH MUSER
SPECIFIC SPEED .51
SPECIFIC DINETER 0.99

reessnsenssen

* 02 TRBINE » "0z PP s

ensssrsansaner smanaansses
EFFICIENCY (V/T)  6.8890 EFFICIENCY 0.7¢8
EFFICIDCY (1/3)  6.827 HOR SEPOMER ”2e.
SPEED (RPM)  S4316. SPEED  (RPW) S4%26.
HORSEPORER s, 3S SPEED 21910,
MEAN D1A (3L} .72 3 SPEED 1913,
EFF AREA (80 -3} 0.73 MEAD FT) 5162,
we CACTUAL)  0.5S8 DIA. (L] 2.61
MAX TIP SPEED 28, Tir SPEED .
STAGES 2 voL. Lom 419,
CAIB 1.3¢ HEAD COEF 9.430
PRESS RATIO (Y/T7) .1 FLOW COEF 0.15%
PRESS RATIO (T/3) 1.2 DIAMETER RATIO 3.603
EXIT MACH WUMBER .0y BEARING DN L. 42E+04
SPECIFIC SPEFD 24.33 SHAFT DIMETER 26.00

SFECIFIC DINETER 1.09

RE GENERATOR

DATA

beLy

oy -124.08
AREA 2.7¢
FLOM 11.34
EFELTIVENESS .29

NTU 0.42
CRATIO 0.9%

N 3%.06

REGEN © $109.%

149




TABLE 28. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 50,000 LBF THRUST (COPPER TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1557.9%
VAC ENGINE THRUST 50000.
TOTAL ENGINE FLOM RATE 106.17
DEL. VAC. ISP %80.0
THROAT AREA 15.69
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 161.34
ENGINE MIXTURE RATIO .00
ETA C» 0.993
CHAMBER COOLANT DP 672.
CHAMBER COOLANT DT 358.
NOZZLE/CHAMBER Q 21099,

ENGINE STATION CONDITIONS

» FUEL SYSTEM CONDITIONS ®

STATION PRESS TP FLOW ENTHALPY DENSITY
B.P. INLET 18.¢ 37.4 14.91 -107.5% %.37
B.P. EXIT 100.9 8.5 14.91 -103.0 %.39
PUMP INLET 100.9 38.5 16.91 -103.0 4.39
1ST STAGE EXIT 1612.6 55.5 14.91 -20.1 %.55%
2ND STAGE EXIT 3160.0 71.8 14.91 63.0 “.66
PUMP EXIT 6741.5 87.7 14.91 146.2 4.77
COLD REGEM IN €696.1 88.2 16.91 166.2 ©.75
COLD REGEW EX ©647.1 204.0 14.91 $34.3 2.98
COOLANT INLET 4647.1 206.0 16.91 $34.3 2.98
COOLANT EXITY 3975.6 561.% 14.91 1969.9 1.14

TBY IHLET 31935.8 562.1 6.75 1949%.9 1.13

TBV EXIT 1797.% 572.8 0.75 1949.9 0.55
Q2 YRB INMET 3935.8 5¢2.1 164.1¢6 1949.9 1.13
02 TRB EXIT 3562.5 550.4 16.146 1899.3 1.06
HZ TRB IMLET 3562.5 550.4 16.16 1893%.3 1.06
HZ TRB EXIT 1937.7 “86.3 14.16 1637.1 0.69
H2 TRB DIFFUSER 1891.0 486.5 16.16 1637.1 0.67
H2 BST TRB IN 1872.0 <86.5 14.16 1637.1 0.67
H2 BST TRB OUT 1850.4 %85.4 16.16 1632.3 0.66
H2 BST TRB DIFF 1837.4 485.46 16.16 1632.3 0.66
02 BST TRB IMN 1819.1 48%.5 16.16 1632.3 0.65
02 BST TRB OUT 1808.2 484.8 16.16 1629.8 0.65
02 BST TRB DIFF 1806.7 484.8 14.16 162%.8 0.65

H2 TANK PRESS 18.6 “95.7 0.0242 1645.8 0.0071
GOX HEAT EXCH IN 1797.6 489.3 14.88 1645.8 0.66
GOX HEAT EXCM OUT 1788.7 4<88.9 14.88 1664 .4 0.66
HOT REGEN IN 1788.7 488.9% 16.88 1664 .4 0.66
HOT REGEW EX 1735.0 386.3 16.88 1255.6 e.78
FSOV INLET 1735.0 386.3 14.88 1255.6 0.78
FSOV EXIT 16%1.6 386.4 14.88 125%.6 0.76
CHAMBER INJ 1675.1 386.4 14.88 1255.6 6.7%

CHAMBER 1557.9

» OXYGEN SYSTEM CONDITIONS =

STATION PRESS TO® FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 89.4 61.1 71.17
B.P. EXIT 135.6 163.2 89.46 1.5 71.20
PUMP INLET 135.6 163.2 89.6 61.5% 71.20
PuMP EXIT 2523.0 173.7 8%.46 9.5 11.77

02 TANK PRESS 16.0 400.0 0.151 206.7 0.12
ocy INET 2697.8 173.8 89.3 9.5 71.73
ocv EXIT 1748.4 176.6 89.3 9.5 10.5¢
CHAMBER INJ 1713.6 176.8 8%.3 £9.5 70.51
CHAMBER 1557.9%

" VALVE DATA »

VALVE DELYA P AREA FLOW X BYPASS
T8V 2138. 0.03 0.7% .00
FSOvV <3, 3.73 14.88
ocv 769. 0.58 89.29%

# INJECTOR DATA »

INJECTOR DELTA P AREA FLOMW VELOCITY
FUEL 117. 2.58 14.88 1117.41
LOX 173. 1.27 89.29 143.07
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TABLE 28.

» TURBOMACH IMCRY PERFORMANCE DATA s

" K2 BOOST TURBINE ©

* M2 BOOST Puse »

FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 50,000 LBF THRUST (COPPER TUBE CHAMBER) (CONTINUED)

EFFICIENCY (T/T) 0.8%% EFFICIENGY 8.743
EFFICIENCY (T/3) 8.47¢ HORSEPOMER ”%.
SPEED (RFM) 29231, SPEED (RPW) 29281,
MEAN DIA (81} 2.0% 3 SPEED 3043,
EFF AREA i) 3.3 HEAD F7) 2702,
wece (ACTUAL)  9.529 DiA. (1) 3.44
MAX TIP SPEED 349. TiP SPEED €40,
STAGES 1 oL . FLOM 1524.
GARA 1.42 MEAD COEF 8.450
PRESS RATIO (T/7) 1.8} FLOv COEF 0.201

PRESS RATIO (T1/3) 1.%2
HORSEPORER ”

EXIT MACH NUMBER e.11
SPECIFIC SPEED 154. 00
SPECIFIC DIAMETER .53

se -
"2 TURDIME o B2 PO o
assasnanpnsses ssspeussane

STAGE ONE  STAGE TMO STAGE THREE

EFFICIENCY (T/T)  8.87¢ BFICIDNCY 9.7%0 9.7240 0.248
EFFICIENCY (T/3) -83% HOESEPOMER 1769, 1752, 175%.
SPEED (RPH) 100000, SPEED (RPM) 100008, 100000. 100000 .
HORSEP OMER 8234, i3 SEED 12810.

MEAX DlaA. [$E}) 2.%2 3 e 1176, 162, nso,
EFF AREA (312 o827 MEAD (FT) 8371, 337, “27.
usc (ACTUAL}  8.697 Ma. 1) €.02 4.02 4.02
nAX TIP SPEED s, T SPFEED 158, 1753, 1754,
STAGES 2 L. AoM 1672, 1435, 1604,
GArsa 1.42 HEAD COEF 0.506 8.506¢ 0.508
PRESS RATIO (T/T7) 1.83 AL COEF [ P+4]

PRESS RATIO (T/3) 1.8 BINETER RATIO 0.432

EXIT MACH MUMBER .20 BEARING DN 3.00E+06

SPECIFIC SPEED $3.23 DWFT PINETER 38.00

SPECIFIC DIAETER 1.18

LT TTTY YT YY
= 02 BOOST TURSIME »

s 02 SOOST PUe

EFFICIENCY (T/T} 0.8% EFFICTENCY e.764
EFFICIENCY (T/3) o.7%4 HORSEPOWER si.
SPEED RPNy 7817, SPEED (RPM) ™7,
-MEAN DIA CIny 5.8) 3 SFEED 3026.
EFF AREA e Y.e8 HEAD ) 242.
we {ACTUAL)  9.353 DlA. [SL ] 3.08
MAX TIP SPEED 232. TP SFEED 132,
STAGES ) VoL, Ao S64.
Garesa 1.42 MEAD COEF §.450
PRESS RATIO (T/T) 1.n FLOM COBF 8.200
PRESS RATIO (T/3) 1.03
HORSEPOMER s1.
EXIT MALH MUMBER .04
SPECIFIC SPEED ”.3
SPECIFIC DIAMETER [ 5]

masprencrances ssssssensss

» 02 TURBIMNE » .02 PUP s

» -a » -
EFFICIENCY (T/T) .39} TFicIDCY 0.769
EFFICIENCY (T/3) 0.82¢ HORSEPOMER 1813,
SPEED (RPM) 45415, SPEED  (RPW) 45615,
HORSEP OHER 1013. $3 SPEED 21168,
MEAN D1A tIN) .92 S SPEED 1976,
EFF AREA (3L -21 "% HEAD FT) 4788
usc CACTUALY  0.516 DlA. LRI 2.9
MAK TIP SPEED 661, TiP SPEED 59%.
STAGES 2 YOL. FLOW 89,
[~ Y 1.42 HEAD COEF 9.434
PRESS RATIO [F/T7) . FLOW COEF 0.187
PRESS RATIO (T1/3) 1.2 DIAMETER RATIO 0.604
EXIT MACH NMIMBER 0.0 BEARING DN 1.37€-04
SPECIFIC SPEED 7.1 SHAFT DIAMETER 30.00

SPECIFIC DINETER ..

REGDERATUR DATA

cop i HOT SIDE
| a® 4 . $3.64
beLTY 11%.00 -102.64
AREA 1.88 .n
FLON 14.9) 14.98
EFFECTIVENESS .29
(214 6.2
CRATIO .
IM 49.%
REGEN Q STHS .44



TABLE 29. — FULL-EXPANDER ENGINE — 7500 LBF THRUST (COPPER
GROOVED CHAMBER)

ENG INE PERFORMANCE PARAMETERS

RN UM RN NN ANA I NARERR RN N NN N RE NN NN

CHAMBER PRESSURE 1750.2
VAC ENGINE THRUST 7500.
TOTAL ENGINE FLOW RATE 15.62
DEL. VAC. ISP 480.0
THROAT AREA 2.10
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 51.67
ENGINE MIXTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT DP 731.
CHAMBER COOLANT DT 710.
NDZZLE/CHAMBER Q 5975.

ENGINE STATION CONDITIONS

EAEANANRAA R A RN A AR R RN AR AR

& FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMET 18.6 37.4 2.23 -107.5 “.37
B.P. BXIT 100.3 38.5 2.23 ~103.0 «.39
PUMP INLEY 100.3 8.5 2.23 -103.0 4.39
1ST STAGE EXIT 1804.9 66.9 2.23 i5.5 .50
2ND STAGE EXIT 3647.1 93.2 2.23 129.3 4.29
PUMP EXIY 5043.4 117.8 2.23 239.0 «.32
COOLANT INLET 4993.0 118.2 2.23 23%9.0 4.30
COOLANT EXIT “262.4 828.3 2.23 2913.2 0.86
TBY IWLET 4219.8 828.6 0.11 2913.2 0.85
T8V EXIT 1959.7 843.2 0.11 2913.2 0.41
02 TRB IMLET 4219.8 828.6 2.12 2913.2 c.85
02 TRB EXIT 3829.5 813.6 2.12 28%0.5 0.80
H2 TRB IMLET 3829.5 813.4 2.12 2850.5 0.80
H2 TRB EXIT 2082.2 723.0 2.12 2490.3 0.51
H2 TRB DIFFUSER 2053.7 723.1 2.12 26490.3 0.59
H2 BST TRB IN 2033.1 723.1 2.12 2490.3 0.50
H2 BST TRB OUT 2015.3 722.0 2.12 2485.6 0.49
H2 BST TRB DIFF 1999.9 122.1 2.12 2485.6 0.49
02 BST TRB IN 197%.9 722.2 2.12 2485.6 0.49
02 BST TR8 OUT 1971.0 721.5 2.i2 2483.0 0.48
02 BST TRB DIFF 1969.5 721.6 2.12 2483.0 0.48
H2 TANK PRESS 18.6 739.1 0.0024 2504.5 0.0047
GOX MEAT EXCH IN 1959.7 727.7 2.23 2504.5 0.48
GOX HEAT EXCH OUT 1949.9 727.4 2.23 2503.2 0.48
FSOV INLET 1949.9 727.4 2.23 2503.2 0.48
FSOV EXIT 1901.1 127.7 2.23 2503.2 0.46
CHAMBER [NJ 1862.3 127.9 2.23 2503.2 0.45
CHAMBER 1750.2
# OXYGEN SYSTEM CONDITIONS =
STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMLET 16.0 162.7 13.4 61.1 71.17
B.P. EXIT 135.6 163.2 13.4 61.5 71.20
PUMP INLET 135.6 163.2 13.4 61.5 71.20
PUMP EXIT 2836.5 172.2 13.4 71.4 71.50
02 TAaMK PRESS 16.0 «00.0 0.023 204.7 0.12
OCV INLET 2806.2 177.3 13.4 71.4 71.466
ocV EXIT 1964.3 180.6 13.4 71.4 70.1%
CHAMBER INJ 1925.2 180.7 13.4 71.4 70.09
CHAMBER 1750.2

® VALVE DATA =

VALVE DELTA P AREA FLOW X BYPASS
BV 2260. 0.01 0.t1 S.00
FSOV 9. 0.68 2.23
ocy 842. 0.08 13.39

# INJECTOR DATA =

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 132. 0.647 2.2% 1504.14
LOX 194. 0.18 13.39 1s2.10



TABLE 29.

GROOVED CHAMBER) (CONTINUED)

# TURBOMACHINERY PERFORMANCE DATA «

HA AR RN NNM AN NN AR

RURAANA AR AN RN
# H2 BOOST TURBINE =«
ARMAsRNRNARESUERRREN
EFFICIENCY (T/T7) 0.758
EFFICIENCY (T/S) 0.3%0

SPEED (RPM) 75279.
MEAN DIA n) 0.83
EFF AREA (IN2) 1.04
usc {ACTUAL) 0.562
MAX TIP SPEED 400.
STAGES 1
GAMMA l1.46

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/3) 1.02

HORSEPOMER 14.
EX1T MACH NUMBER a.10
SPECIFIC SPEED 146.08

SPECIFIC DIAMETER 0.51

= H2 TURBINE =

EFFICIENCY (T/T) 0.808
EFFICIENCY (V/S) 0.787
SPEED {RPM) 187500,
HORSEPOMER 1082.
MEAN DIA. (IN) 1.65
EFF AREA (IN2) 0.11

usc (ACTUAL) 0.549
MAX TIP SPEED 1456.
STAGES 3
GAMMA 1.44

PRESS RATIO (T/T) 1.84
PRESS RATIO (T/3) 1.87
EXIT MACH NUMBER 0.14
SPECIFIC SPEED 54.79
SPECIFIC DIAMETER 1.42

OO R NN
* 02 BOOST TURBINE «
MEEENN MR NRANA
EFFICIENCY (T/T7) 0.80%
EFFICIENCY (T/S) 0.658

SPEED (RPM) 20183.
MEAN DIA (IN} 2.2%
EFF AREA 1IN2) 1.49
usc (ACTUAL) 0.553
®Kax TiP SPEED 237.
STAGES 1
GAMMA 1.644

PRESS RATIO (T/T) 1.00
PRESS RATIO (T/S) 1.01

HORSEPOHER 8.
EXIT MACH NUMBER 0.03
SPECIFIC SPEED 100.36

SPECIFIC DIAMETER 0.82

SaNMAEEARRANE N

® 02 TURBINE »

ANRMAANRE AN
EFFICIENCY (T/T) 0.804
EFFICIENCY (T/S) 0.75¢4

SPEED (RPM) 127128.
HORSEPOMER 188.
MEAN DIA (IN) 1.65%
EFF AREA (IN2) 0.17
usc CACTUAL ) 0.515
MAX TIP SPEED %1,
STAGES 1
GAMMA 1.44

PRESS RATIO (T/T) 1.10
PRESS RATIO (T/5) 1.1
EXIT MACH NUMBER 0.09
SPECIFIC SPEED 4<8.50
SPECIFIC DIAMETER 1.52

& K2 BOOST PUMP »

ANBsaannRANEaNEun

EFFICIENCY 6.766
HORSEPOWER 14,
SPEED (kPM) 75279.
S SPEED 3050.
HEAD (FT) 2685.
Dla. {IN) 1.33
TIP SPEED 438.
VOL. FLOW 228.
HEAD COEF 0.450
FLOW COEF 6.201

SARENE
M2 PUMP »

FULL-EXPANDER ENGINE — 7500 LBF THRUST (COPPER

STAGE OME STAGE THO STAGE THREE

EFFICIENCY 0.615
HORSEPOWER 37s.
SPEED (RPM) 187500. 187500.
SS SPEED 9340.
S SPEED 779. 797.
HEAD (FT) 56759, §5094.
DIA. (IN) 2.29 2.29
TIP SPEED 1874. 1874.
VvOL. FLOW 233. 234.
HEAD COEF 0.520 0.505
FLOW COEF 0.095
DIAMETER RATIO 0.322
BEARING DN 3.00£+06
SHAFT DIAMETER 16.00
EEIARERNENNNRE AN
® 02 BOOST PUMP
SedvEEUNNENRARNEE
EFFICIENCY 0.764
HORSEPOWER 8.
SPEED (RPM} 20183.
S SPEED 3026.
HEAD (FT) 242.
DIA. CIN) 1.49
TP SPEED 132,
VOL. FLOW 85.
HEAD COEF 0.450
FLOW COEF 0.200
EEARENREEAUN
* 02 PUMP =
TeasxmuuNny
EFFICIENCY 0.703
HORSEPOMER 188,
SPEED (RPM) 127128.
SS SPEED 22848 .
S SPEED 1843,
HEAD (FT) 5434,
DIA. C(IN) i.18
TIP SPEED 653,
vOL. FALOW 84,
HEAD COEF 0.410
FLOM COEF 0.155
DIAMETER RATIO 0.681
BEARING DN 1.53€+06
SHAFT DIAMETER 12.00

tnmaumswuns
0.62¢
347,
187500.

813.
53385.
2.29
1873.
232.
0.489



TABLE 30. — FULL-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMIMCE PARAMETERS

Cssssarnw

CHAMBER PRESSURE 15%6.2
VAC ENGINE THRUST 15000.
TOTAL ENGINE FLOW RATE 31.25
DEL. VAC. ISP <80.0
THROAT AREA .71
NOZZLE AREA RATIO 1000.0
NOZZLE EKIT DIAMETER 77.46
ENGINE MIXTURE RATIQ 6.00
ETA Cw 0.993
CHAMBER COOLANT DP 523.
CHAMBER COOLANT DT 535
NOZZLE/CHAMBER Q 9118.

ENGINE STATION CONDITIONS

® FUEL SYSTEM CONDITIONS =

STATION PRESS T FLOW ENTHALPY DENSITY
B.P. IMET 18.6 37.4 %.42 -107.% 6.37
B.P. EXIT 100.5 38.5 %.41 -103.8 £.39
PUNP TWLETY 100.5 8.5 &.62 -103.0 439
1ST STAGE EXIT 1526.5 58.2 4.47 -15.2 4.43
2ND STAGE EXIT 2946.9 77.0 “.47 71.3 4.48
PUMP EXIT 4356.9 9.8 4.647 156.4 4.53
COOLANT INLET 4313.3 95.4 .67 156.4 4.5}
COOLANT EXIT 3789.8 630.7 4.47 2200.2 e.9
TBV IMLET 3751.9 630.9 0.22 2200.2 0.9%8
TBV EXIT 17642.3 662.6 0.22 2200.2 0.48
02 TRB INLET 3751.9 630.9 £.2% 2200.2 ¢.%
02 TRB EXIT 3374.2 618.6 4.25 2146.9 0.91
H2 TRB IMLET 3374.2 618.46 £€.25 2146.9 0.91
H2 TRB EXIT 1866.0 551.¢6 %.2% 1873.8 9.59
H2 TRB DIFFUSER 1834.4 551.7 £.25 1873.8 0.58
+2 BST TRB IN 1816.1 £51.7 £.2% 1873.8 0.58
w2 BST TRB OUT 1794.8 550.¢ 4.25 1869.1 0.57
HZ? BST TRB DIFF 1780.4 550.7 %.25 1869%.1 .57
02 BST TRB IN 1762.6 550.7 “.2% 1869.1 9.56
a2 BST TRB OUT 1752.6 5§50.1 4.25 1866.5 0.5¢
0z BST TRB DIFF 1751.1 550.1 “«.2% 1866.5 B8.56
H2 TANK PRESS 18.6 562.¢ 0.006% i883.2 0.0062
GOX HEAT EXCH IN 1742.3 $56.7 £.46 1883.2 0.5%
GOX HEAT EXCH OUT 1733.6 554.¢6 €.46 1881.8 0.55
FSOV INLET 1733.6 §54.4 %.646 1881.8 0.55
FSOV EXIT 1690.2 556.6 4. 46 1881.8 0.54
CHAMBER IMJ 1655.8 55¢6.7 %.66 1881.8 0.53
CHAMBER 1556.2
® OXYGEN SYSTEM COMDITIONS »
STATION PRESS TEW FLOM ENTHALPY DEMS1TY
B.P. IMET 16.0 162.7 26.8 61.1 .z
B.P. EXIT 135.6 163.2 26.8 1.5 71.20
PP ITNLET 135.6 163.2 26.8 1.5 11.20
PV EXIT 2520.3 174 .8 26.8 69.9 71.59
02 TANK PRESS 16.0 400.0 0.045 204.7 0.12
OCV INLET 2495.1 174.9 26.8 69.9 71.5%
ocv EXIT 1746.6 1717.7 26.8 €9.9 70.38
CHAMBER INJ 1711.8 177.8 26.8 69.9 70.33
CHAMBER 1556.2

& VALVE DATA =

VALVE DELTA P AREA oK X BYPASS
BY 2010. 0.01 0.22 S.09
FsSov 43. 1.3« 6.46
ocv 749. 0.17 26.79

a INJECTOR DATA =

INJECTOR DELTA P AREA FLOM VELOCITY
FUEL 117, 0.92 4.46 1321.67
LOX 173. 0.38 26.79 143.17
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TABLE 30. — FULL-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

R AN AN NSO R N R NN NN AN RN R AN AN AN
* TURBOMACHINERY PERFORMANCE DATA »
A A NN AR RN
EnmnnEnNNARERRE R
= H2 BOOST PumMP =

EAAKNA RN ARE RN

* H2 BOOST TURBINE «

AN C RN NN

EFFICIENCY (T/T) 0.742 EFFICIENCY 0.766
EFFICIENCY (T/S) 0.390 HORSEPOWER 29.
SPEED (RPM) 53252, SPEED (RPM) 532%2.
MEAN DIA (IN) 1.18 S SPEED 3049,
EFF AREA () 1.7¢ HEAD (FT) 2689.
usc (ACTuAL) 0.553 DIA. CIN) 1.89
MAX TIP SPEED 389. TIiP SPEED <38.
STAGES 1 VOL. FLOW 457.
GAMMA 1.37 HEAD COEF 0.450
PRESS RATIC (7/T) 1.01 FLOW COEF 0.201

PRESS RATIO (T/3) 1.02
HORSEPOMWER 2%.
EXIT MACH NUMBER 0.11
SPECIFIC SPEED 146.55
SPECIFIC DIAMETER 0.52

AENAANE R
"« H2 PUMP
NNNMER RSN

STAGE ONE STAGE THO STAGE THREE

SENENN N ANN

®= H2 TURBINE »

EFFICIENCY (T/T) 0.818 EFF ICIENCY 0.68¢0 0.681 0.681
EFFICIENCY (T/S) 0.790 HORSEPOMER 556. 547. 538.
SPEED (RPH) 136363. SPEED (RPM) 136363, 136363. 136363.
HORSEPOWER 1641. $S SPEED 9599.
MEAN DIA. (N 2.642 S SPEED 917, 922. 27.
EFF AREA (e 0.23 HEAD (FT) 46466 . 45825, 45101.
us/c (ACTUAL } 0.550 DIA. (IN) 2.85 2.85 2.85
MAX TIP SPEED 1536. TIP SPEED 1694. 1695. 1694,
STAGES 2 VOL. FLOW 453, 448. 443,
GAMMA 1.37 HEAD COEF 0.521 0.513 0.505
PRESS RATIO (T/T) 1.81 FLOM COEF 0.10%
PRESS RATIO (7/5) 1.85% DIAMETER RATIO 0.363
EX1T MACH NUMBER 0.17 BEARING DN 3.00€E+0¢
SPECIFIC SPEED 48.65 SHAFT DIAMETER 22.00
SPECIFIC DIAMETER 1.61
AN AR AN ARA RN AN LT Y TR ITY Y]
* 02 BOOST TURBINE = % 02 BOOSY PUMP
D EEEENNANGAARRR RN
EFFICIENCY (T/T) 0.826 EFFICIENCY 0.764
EFFICIENCY (T/S) 0.689 HORSEPOWER 15.
SPEED (RPH) 14271, SPEED (RPM) 16271,
MEAN DIA Iy 3.18 S SPEED 3026.
EFF AREA (R) 2.59 HEAD (FT) 242.
u/c (ACTUAL) 0.553 Dla. (IN) 2.11
MAX TIP SPEED 234. TIP SPEED 152.
STAGES 1 VOL. FLOW 169.
GAMMA 1.37 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLLOM COEF a.200
PRESS RATIO (T/s) 1.01
HORSEPOWER 15.
EXIT MACH NUMBER 0.04
SPECIFIC SPEED 96.18
SPECIFIC DIAMETER 0.86
(LYY T Y LI Y Y]
% D2 TURBINE = " 02 PUMP n
EemAEN AR LY LI Y Y T
EFFICIENCY (T/T) 0.82) EFFICIENCY 0.730
EFFICIENCY (T/3) 0.767 HORSEPOWER 321.
SPEED (RPH) B44B7. SPEED (RPHM) B4GB7.
HORSEPOWER 321. S$S SPEED 2147S.
MEAN DIA (IN) 2.42 S SPEED 1902.
EFF AREA (s 0.33 HEAD (FT) 4795,
usc (ACTUAL ) 0.54% Dla. (1K) 1.64
MAX TIP SPEED 952. TIP SPEED 606.
STAGES 1 VOL. FLOW 168.
GAMMA 1.37 HEAD COEF 0.420
PRESS RATIO (T/T) 1.1 FLOW COEF 0.158
PRESS RATIO (T/S) 1.12 DIAMETER RATIO 0.683
EXIT MACH NUMBER 0.10 BEARING DN 1.52€+06
SPECIFIC SPEED 48.53 SHAFT DIAMETER 18.00

SPECIFIC DIAMETER 1.61

—
“n



FULL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER
GROOVED CHAMBER)

TABLE 31. —

ENGINE PERFORMANCE PARAMETERS

ANEN R AR EER N RN ERA SR ARRRAKAR MR N RN

CHAMBER PRESSURE B 1491.7
vAC ENGINE THRUST 25000.
TOTAL SNGINE FLOW RATE 52.0¢
DEL. VAC. ISP <80.0
THROAT AREA 8.19
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 102.12
ENGINE MIXTURE RATIO 6.00
£TA C= 0.993
CHAMBER COOLANT DP 473.
CHAMBER CDOLANT DT 448.
NOZZLE/CHAMBER Q 12774,

ENGINE STATION CONDITIONS

% FUEL SYSTEM CONDITIONS «

STATION PRESS TEMP FLOKW ENTHALPY DENSITY
B.P. INEY 18.4% 37.4 7.45 -107.5 4.37
B.P. EXIT 100.6 8.5 7.45 -103.0 6.39
PUMP INLET 100.6 38.5 7.45 -103.0 4.3
1ST STAGE EXIT 1433.1 56.5 7.45 ~27.1 .50
2MD STAGE EXIT 2782.0 70.0 7.45% “8.6¢ %.58
PUMP EXIT 4147.2 85.1 7.45 123.9 “.67
COOLANT INLET €105.7 85.5 7.45 123.9 4.6S
COOLANT EXIT 3632.% £33.3 7.645 1837.8 1.1

TBVY IMLET 3596.2 533.% 0.37 1837.8 1.10

T8V EXIT 1670.3 542.6 0.37 1837.8 0.5¢
02 TRB INLET 3596.2 533.% 7.08 1837.8 1.10
02 TRB EXIT 3211.3 521.9 7.08 1788.0 1.02
HZ TRB INLET 3211.3 521.9 7.08 1788.0 1.02
H2 TRB EXIT 1799.8 463.1 z.08 1549.3 0.68
H2 TRB DIFFUSER 1760.7 463.3 7.08 1549.3 0.66
H2 BST TRB IN 1743.1 6463.3 7.08 1549.3 0.66
H2 BST TRB OUT 1721.4 462.1 7.08 1544.5 0.6%
H2 BST TRB DIFF 1708.1 462.2 7.08 1544.5 0.64
02 BST TRB IN 1691.0 462.3 7.08 1544.5 0.64
02 BST TRB OUT 1680.2 “61.6 7.08 1542.0 0.64
02 BST TRB DIFF 1678.7 461.6 7.08 1542.0 0.6%

H2 TANK PRESS 18.6 471.0 0.0127 1556.8 0.0074
GOX HEAT EXCH IN 1670.3 465.6 7.44 1556 .8 0.63
GOX HEAT EXCH OUT 1661.9 465.3 7.44 1555.4 0.62
FSOV IMLET 1661.9 465.3 7.46 1555%.4 0.62
FSOV EXIT 1620.4 465.4 7.644 1555.4 0.61
CHAMBER INJ 1587.3 465.5 7.44 1555.4 0.60
CHAMBER 1491.7

® DXYGEN SYSTEM CONDITIONS «

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMET 16.0 162.7 44,7 61.1 71.17
B.P. EXIT 135.6 163.2 “6.7 €1.5 71.20
PUMP IMLET 135.6 163.2 6.7 1.5 71.20
PUMP EXIT 2415.8 173.8 “6.7 69.3 71.65

02 TAMK PRESS 16.0 400.0 0.076 204.7 0.12
OCV INLET 2391.7 173.9 G6.6 €9.3 71.61
ocv EXIT 1674.2 176.6 “6. 6 69.3 70.50
CHAMBER INJ 1640.9 176.7 46.6 9.3 70.44
CHAMBER 1491.7

* VALVE DATA =
VALVE DELYA P AREA FLOW X BYPASS
TBY 1926. 0.02 0.37 5.00
FsSoV 42. 2.14 7.44
ocv 718. 0.29 44.64
* IMJECTOR DATA =

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 2. 1.47 7.44 1218.70
LoxX 166. 0.65 44,64 140.06
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TABLE 31.

FULL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

« TURBOMACHIMERY PERFORMANCE DATA «

* H2 BOOST TURBINE =

® H2 BOOST PUMP »

EFFICIENCY (T/T) 0.834 EFFICIENCY 0.7¢6
EFFICIENCY (T/S) 0.458 HORSEPOMER 8.
SPEED (RPM) 41277, SPEED (RPM) 41277,
MEAN DIa (IN) 1.45 S SPEED 306,
EFF AREA C(IN2) 2.72 HEAD {(FT) 26%.
usc (ACTUAL ) 0.53¢ DIA. () 2.43
MAX TIP SPEED 374. TIP SPEED 639,
STAGES 1 VOL. FLOM 762.
GAMMA 1.39 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOW COEF 0.201
PRESS RATIO (T/3) 1.02
HORSEP OMER <8.
EXIT MACH NUMBER 0.11
SPECIFIC SPEED 150.00
SPECIFIC DIAMETER 0.53

LLITYTYTTY PYTTy LEITITTY YTTY

* H2 TURBINE = e 2 PUNP »

STAGE ONE STAGE THMO STAGE THREE

EFFICIENCY (T/T} 0.869 EFFICIENCY 8.727 0.72¢ 0.725
EFFICIEMCY (T/S) 0.830 HORSEP OMER 800. 797. 794.
SPEED {RPM) 125000. SPEED (RPM) 125000. 125000 125000.
HORSEPOMHER 2391. SS SPEED 11347,
MEAN DIA. {IN) 2.46 S SPEED 1162, 1136. 1131.
EFF AREA 1IN2) 0.36 HEAD (FT) 42954 @2re. 42491,
usc (ACTUAL) 0.550 DIA. (IN} 3.04 3.04 3.06
MaxX TIP SPEED 1465. TIP SPEED 1658. 1658, 1658,
STAGES 2 VOL. FLOW 764. 730. 717,
Gara 1.39 HEAD COEF 9.503 0.500 0.497
PRESS RATIO (T/T) 1.78 FLOW COEF 8.119
PRESS RATIO (T/S) 1.84 DIAMETER RATIO 0.415%
EX1T MACH NUMBER 0.19 BEARING DN 3.00E+06
SPECIFIC SPEED 61.19 SHAFT DIAMETER 26.00

SPECIFIC DIAMETER 1.33

® 02 BOOST TURBINE «
LY LT T P Y YT T YTy
EFFICIENCY (T/T) 0.877
EFFICIENCY (T/S) 0.740

SPEED (RPHM) 11054,
MEAN DIA C(IN) 4.11
EFF AREA (IN2) 3.89
usc (ACTUAL ) 0.553
MAX TIP SPEED 232.
STAGES 1
GAMMA 1.39
PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.01
HORSEPOMER 26.
EXIT MACH NUMBER 0.04
SPECIFIC SPEED 9%.9%5

SPECIFIC DIAMETER 0.%0

ERmENEEEENA AR

¥ 02 TURBINE =

ANNERERAR N
EFFICIENCY (T/T) 0.850
EFFICIENCY (T/3) 0.782

SPEED (RPM} 63B06.
HORSEPOMER 498.
MEAN DIA (IN) 2.4¢
EFF AREA (IN2) 0.51
usc (ACTUAL) 0.435
Hax TIP SPEED 749.
STAGES 1
GAMMA 1.39
PRESS RATIO (T/7) 1.12
PRESS RATIC (T/S) 1.13
EXIT MACH NUMBER o.11
SPECIFIC SPEED 47.64
SPECIFIC DIAMETER 1.35

" 02 BOOST PUMP «

EFFICIENCY 0.7¢4
HORSEPOWER 26.
SPEED (RPH) 11094,
S SPEED 302¢.
HEAD (FT) 242,
DIA. (IN) 2.712
TIP SPEED 152,
VOL. FLOM 282,
HEAD COEF 0.450
FLOW COEF 0.200

Sussanznsan

" a2 PUMP =

Nunsussammn
EFFICIENCY 0.747
MORSEPOMER <%,
SPEED (RPH) €3806.
SS SPEED 20937,
S SPEED 1018,
HEAD (FT) <581.
DIA. (IN) 2.11
TIP SPEED 588.
VOL. FLOM 8.
HEAD COEF 0.42¢
FLOW COEF 0.159
DIAMETER RATIO 0.684
BEARING DN 1.40€+06
SHAFT DIAMETER 22.00



TABLE 32. — FULL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

AN AR NN AR AR AR NS AN A AN NN RANE

CHAMBER PRESSURE 1334.9
VAC ENGINE THRUST 37500.
TOTAL ENGINE FLOW RATE 78.14
DEL. VAC. IsP “79.9
THROAT AREA 13.72
NOZZLE AREA RATIO 1000.0
NOZZLE EXET DIAMETER 132.16
ENGINE MIXTURE RATIO 6.00
ETA Cx 0.993
CHAMBER COOLANT DP 386.
CHAMBER COOLANT DY 37¢.
NOZZLE/CHAMBER Q - 1612%.

ENGINE STATION CONDITIONS

ARAME AU RA AR AN AR RN

% FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMLET 18.6 37.4 11.18 -107.% <.37
8.P. EXIT 100.7 38.5 11.18 -103.0 4.3
PUMP IMLET 100.7 38.5 11.18 -103.0 4.39%
1ST STAGE €XIT 1267.6 51.6 11.18 -3%.0 €.52
2ND STAGE EXIT 26460.2 64.3 11.18 25.0 4.62
PUMP EXIT 3673.3 76.6 11.18 89.2 4.69
COOLAMT TNLET 3636.6 77.0 11.18 89.2 4.68
COOLAMT EXIT 3250.7 «52.5 11.18 1530.9 1.17
TBV IMLET 3218.2 652.7 0.56 1530.9 1.16
TBY EX1T 1694.5 “59.3 0.56 1530.9 0.57
02 TRB INLETY 3218.2 452.7 10.63 1530.9% 1.16
02 TRB EXIT 2875.6 462.7 10.63 1487.4 1.07
H2 TRB INLEY 2875.6 6442.7 10.63 1487.4 1.07
H2 TRB EXIT 1623.9 39%6.1 10.63 1285.1 0.72
H2 TRB DIFFUSER 1581.6 394.2 10.63 1285.1 0.70
H2 BST TRB IN 1565.8 394.2 10.63 1285.1 0.70
H2 BST TRB OUT 1543.3 393.] 10.63 12690.3 0.69
H2 BST TRB DIFF 1530.1 393.1 10.63 1280.3 Q.68
02 BST TRB IN 1514.8 393.2 10.63 1280.3 0.67
02 BST TRB OUT 1503.5 392.5 10.63 1277.8 6.67
02 BST TRB DIFF 1502.0 392.% 10.63 1277.8 0.67
HZ2 TANK PRESS 18.6 398.6 0.022% 1290.4 0.0088
GOX HEAT EXCH IN 1494.5 395.8 11.16 12%0.4 0.64
GOX HEAT EXCH OUT 1487.0 395.5 11.16 128%.0 0.66
FSOV INLET 1487.0 395.5 11.16 128%.0 0.66
FSOV EXIT 1449.9 395.6 11.16 1289.0 0.64
CHAMBER WS 1620.3 395.6 11.16 128%.0 0.63
CHAMBER 1334.9
a OXYGEN SYSTEM CONDITIONS =
STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 67.1 6.1 71.17
B.P. EXIT 135.6 163.2 67.1 1.5 71.20
PUMP INLET 135.6 163.2 67.1 1.5 71.20
PUMP EXIT 2162.0 172.3 67.1 8.3 71.65
02 TANK PRESS 16.0 400.0 0.114 204.7 0.12
ocvV INLET 2140.4 172.4 67.0 é8.3 71.62
ocv ExXIT 1498.3 174.9 67.0 8.3 70.851
CHAMBER INJ 1468.46 175.0 67.0 8.3 70.57
CHAMBER 1336.9

® VALVE DATA =

VALVE DELTA P AREA FLOW X BYPASS
TBY 1724. 0.03 0.56 5.00
FsSov 37. 3.30 11.16
ocv 642. 0.47 66.97

u INJECTOR DATA =

INJECTOR DELTA P AREA FLOM VELOCITY
FUEL 100. 2.28 11.1¢6 1117.82
LOX 148. 1.03 66.97 132.38



TABLE 32.

FULL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

L N Y Y I ITL]

* TURBOMACHINERY PERFORMANCE DATA «

L Y P Y R T Ity

BAANRK N AN AR NN

% H2 BOOST TURBINE w '

HEN AN AN AR EARARAAEN

REREEAKNNNUNECIAN

®* H2 BOOST PO =

EFFICIENCY (T/7) 0.847 EFFICIENCY 0.765
EFFICIENCY (T/S) 0.475 HORSEPOWER 72.
SPEED (RPM) 33715. SPEED (RPM) 33715.
MEAN DIA {IN) 1.78 S SPEED 3047.
EFF AREA (IN2) 3.90 HEAD (FT) 2697.
usc (ACTUAL) 0.53¢6 DIA. CIN)} 2.%8
MAX TIP SPEED 372. TIP SPEED 439,
STAGES 1 VOL. FLOW 1144,
GAMMA 1.641 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOW COEF 0.201
PRESS RATIO (T/S) 1.03

HORSEPOMER 72,

EXIT MACH NUMBER 0.12

SPECIFIC SPEED 150.00
SPECIFIC DIAMETER 0.54

AemENREREE
= 2 PUMP =
LLLITTTIYY T

STAGE OME STAGE TMO STAGE THREE

HRAMN AN EANN

® H2 TURBINE =

EFFICIENCY (T/T) 0.881 EFF ICIENCY 0.754 0.7%52 0.752
EFFICIENCY (T/S) 0.834 HORSEPOMER 1012, 101S. 1015.
SPEED (RPM) 107143, SPEED (RPH) 107143. 107143, 107143,
HORSEPOMWER 3042, 35 SPEED 11%05.
MEAN DIA. {IN) 2.65 S SPEED 1325. 1310, 1300.
EFF AREA (IN2) 0.55 HEAD (FT) 37518. 37553, 37495,
usc (ACTUAL) 0.550 DIA. (IN) 3.37 3.37 3.37
MAX TIP SPEED 1373. TP SPEED 1575, 157s. 1575.
STAGES 2 VOL. FLOW 111t. 1087. 1069.
GAMMA 1.41 HEAD COEF 0.487 0.487 0.486
PRESS RATIO (T/T) 1.27 FLOW COEF 0.130
PRESS RATIO (T/3) 1.83 DIAMETER RATIO 0.451
EXIT MACH NUMBER 0.21 BEARING DN 3.00E+06
SPECIFIC SPEED 70.2% SHAFT DIAMETER 28.00

SPECIFIC DIAMETER 1.18

HEAEN AN NN A AN
® 02 BOOST TURBIMNE =
AN RN AR N MR AR
EFFICIENCY (T/T) 8.887
EFFICIENCY (T/S) 0.752

SPEED (RPM} 9026.
MEAN DIA (IN) 5.03
EFF AREA (IN2) 5.58
usc (ACTUAL) 0.553
MAX TIP SPEED 231.
STAGES 1
GAMMA 1.41
PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.01
HORSEPOMER 39.
EXIT MACH NUMBER 0.04
SPECIFIC SPEED 93.77

SPECIFIC DIAMETER 0.91

NI Y T YT
= 02 TURBINE w

EFFICIENCY (T/T) 0.880
EFFICIENCY (T/S) 0.823
SPEED {RPM) 49369,
HORSEPOWER 653.
MEAN DIA (IN) 2.65
EFF AREA {IN2) 0.79
usc (ACTUAL) 0.546
HMAX TIP SPEED 647.
STAGES 2
GAMMA 1.41
PRESS RATIO (T/T) 1.12
PRESS RATIO (T/S) 1.13
EXIT MACH NUMBER 0.10
SPECIFIC SPEED BO.41

SPECIFIC DIAMETER 1.03

* 02 BOOST PLO® =

EFFICIENCY 0.764
HORSEPOWER 39,
SPEED  (RPM) 2026.
S SPEED 3026.
HEAD (FT) 242.
DIa. (M) 3.34
T1P SPEED 132,
VOL. FLOM 423.
HEAD COEF 0.450
FLOW COEF 0.200

NEARERRNN NN

« 02 PUMP

un A nEnaE
EFFICIENCY 0.760
HORSEPOMER €53,
SPEED  (RPM) 9369,
S5 SPEED 19842.
S SPEED 1986.
HEAD (FT) 4071.
DIA. [$T) 2.5
TIP SPEED 552.
VOL. FLOMW 420.
HEAD COEF 0.431
FLOW COEF 6.162
DIAMETER RATIO 0.686¢
BEARING DN 1.38€+0¢
SHAFT DIAMETER 28.00



TABLE 33. — FULL-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMAMCE PARAMETERS

CHAMBER PRESSURE 1342.3
VAC ENGINE THRUST 50000.
TOTAL ENGINE FLOW RATE 104.18
DEL. vAC. ISP €79.9
THROAT AREA 18.19
NOZZLE AREA RATIO 1000.0
MOZZLE EXIT DIAMETER 152.19
ENGINE MIXTURE RATIO 6.00
ETA C= 0.993
CHAMBER COOLANT DP 361.
CHAMBER COOLAMT OT 365.
NOZZLE/CHAMBER Q 20902.

ENGINE STATION CONDITIONS
U000 OO

# FUEL SYSTEM COMDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.6 14.91 -107.5 4.37
B.P. EXIT 100.7 38.5 14.91 -103.0 6.39
PUMP INLEY 100.7 38.5 14.91 -103.0 4.39
1ST STAGE EXIT 1260.0 51.0 14.91 ~40.6 4.53
2ND STAGE EXIT 2649.2 3.2 14.9) 22.0 4. 64
PUMP EXIT 3646.8 5.1 16.91 84.8 4.74
COOLANT INLET 3630.1 5.6 14.91 84.8 6.72
COOLANT EXIT 326¢8.8 440.8 14.91 1486.4 1.20

TBV INLET 3236.1 440.9 0.75 1486.4 1.19

TBV EXIT 1502.6 €47.3 0.75 1486 .4 0.59
02 TRB INMLET 3236.1 %40.9 14.17 1486.4 1.1%
02 TRB EXIT 2884.1 431.0 164.17 1443.2 1.10
H2 TRB INLET 2884.1 431.0 14.17 14643.2 1.10
H2 TRB EXIT 1637.4 383.9 14.17 1245.3 0.74
H2 TRB DIFFUSER 1590.4 3846.0 14.17 1245.3 0.72
H2 BST TRB IN 1574.5 384.0 14.17 1245.3 0.72
H2 BST TRB QUT 1551.5 382.8 16.17 12640.6 0.71
H2 BST TRB DIFF 1538.6 382.9 16.17 1240.6 6.70
02 BST TRB IN 1523.2 382.9 16.17 1240.6 0.69
02 BST TRB OUT 151t.7 382.3 14.17 1238.0 0.69
02 BST TRB DIFF 1s10.1 382.3 164.17 1238.0 0.69

H2 TANK PRESS 18.6 387.9 0.0309 1250.¢4 0.009%0
GOX HEAT EXCH IN 1502.6 385.%5 14.88 1250.6 0.68
GOX HEAT EXCH OUT 1495.1 385.1 14.88 1249.0 0.68
FSOV INLET 1495.1 38%.1 14.88 124%.0 0.68
FSQVv EXIT 1457.7 385.2 1¢.88 1249.0 0.66
CHAMBER INJ 1428.0 385.3 14.88 12649.0 0.65
CHAMBER 1342.3

® OXYGEM SYSTEW CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 a9.4 61.1 71.17
B.P. EXIT 135.6 163.2 89.4 61.5 71.20
PUMP INLET 135.6 163.2 8%.4 61.5 71.20
PUMP EXIT 2175.9 172.2 89.4 68.3 71.69

02 TANK PRESS 16.0 400.0 0.151 204.7 0.12
OCV INLET 2152.2 172.3 89.3 68.3 71.65
ocv EXIT 1506.5 176.7 89.3 68.3 70.64
CHAMBER 1KRJ 16476.5 174.8 89.3 68.3 70.60
CHAMBER 1342.3

4 VALVE DATA «

VALVE DELTA P AREA FLOW X BYPASS
T8V 1733. 0.03 0.75 5.00
FSOV 37. £.32 14.88
ocv 646 0.62 89.30

« INJECTOR DATA »

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 101. 2.98 14.88 1104.0%
LOX 149. 1.37 89.30 132.72
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TABLE 33.

FULL-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

* TURBOMACHINERY PERFORMAMNCE DATA =

®x HZ BOOST TURBINE »

EFFICIENCY (T/7) 0.861

EFFICIENCY (T/S) 0.489
SPEED (RPM) 29193.
MEAN DIA {IN) 2.0¢4
EFF AREA (1IN2) 5.08
usc (ACTUAL) 0.533
MAX TIP SPEED 368,
STAGES 1
GAMMA 1.39
PRESS RATIO (T/T) 1.01
PRESS RATIC (T/S) 1.03
HORSEPOMER 96.
EXIT MACH NUMBER 0.12
SPECIFIC SPEED 150.00

SPECIFIC DIAMETER 0.5¢4

" H2 TURBINE «

EFFICIENCY (T/T) 0.8%0
EFFICIENCY (T/S) 0.837
SPEED {RPM) 100000.
HORSEPOWER 3966,
MEAN DIA. {IN) 2.81
EFF AREA (IN2) 0.73
vsc C(ACTUAL) 0.550
MAX TIP SPEED 1373.
SYAGES 2
GAMMA 1.39
PRESS RATIO (T/T) 1.7¢6
PRESS RATIO (T/S) 1.83
EXIT MACH NUMBER 0.22
SPECIFIC SPEED 75.88
SPECIFIC DIAMETER 1.10

BN M NN NN NN

#* 02 BOOST TURBINE =

NG M

EFFICIENCY (T/T) 0.89%6
EFFICIENCY (T/S) 0.761
SPEED {(RPM) 7816.
MEAN DIA (IN} 5.81
EFF AREA (IN2) 7.24
usc (ACTUAL) 0.553
MAX TIP SPEED 230.
STAGES 1
GAMMA 1.39
PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.01
HORSEPOWER 51.
EXIT MACH NUMBER 0.04
SPECIFIC SPEED $3.13

SPECIFIC DIAMETER 0.92

% 02 TURBINE

EFFICIENCY (T/T) 0.878
EFFICIENCY (T/S) 0.819
SPEED (RPM) 42723.
HORSEPOWER 866.
MEAN D1aA C(IN} 2.81
EFF AREA (IN2) 1.02
usc (ACTUAL) 0.503
MAX TIP SPEED 601.
STAGES 2
GAMMA 1.39
PRESS RATIO (T/T) 1.12
PRESS RATIO (¥/S) 1.13
EXIT MACH NUMBER 0.10
SPECIFIC SPEED 78.94

SPECIFIC DIAMETER 0.98

LLTT R T Y E Y )
4 HZ BOOST PUWP «

EFFICIENCY 0.765
HORSEPOHER ’%.
SPEED  (RPM) 29193,
S SPEED 3047.
HEAD (FT) 269%6.
DIA. (IN) 3.44
TIP SPEED 439,
VOL. FLOM 1525.
HEAD COEF 0.450
FLOW COEF 0.201

ERERRNNRNEY

2 PN =

STAGE OME STAGE THD STAGE THREE

EFFICIENCY 6.766 0.765
HORSEPOMER 1317, 1323.
SPEED (RPM) 100000. 100000.
SS SPEED 12833.
S SPEED 143S. 1415.
HEAD (FT) 37200. 37298,
DIA. (IN) 3.63 5.63
TiP SPEED 1585. 158S5.
VOL . FLOW 1478. 16463,
HEAD COEF 0.47¢ 0.478
FLOM COEF 0.136
DIAMETER RATIO 0.479
BEARING DN 3.00E+06
SHAFT DIAMETER 30.00

161

ARG AERR AN AN

* 02 BOOST PP »

EFFICIENCY 0.764
HORSEPOMER Si.
SPEED (RPM) 7816.
S SPEED 302é.
HEAD (FT) 242.
DIA. (IN) 3.85
TIP SPEED 132.
VOL. FLOW 564.
HEAD COEF 0.450
FLOW COEF 6.200

RRAENREEANY

Q2 PUMP ¥

NaassNEAEEE
EFFICIENCY 0.769
HORSEP OMER 866.
SPEED (RPHM) 42723,
SS SPEED 19827,
S SPEED 1976.
HEAD (FT) 4093.
Dla. (IN3 2.95
T1P SPEED £51.
VOL. FLOM $60.
HEAD COEF 0.434
FLOM COEF 0.161
DIAMETER RATIO 0.686
BEARING DN 1.28€+06
SHAFT DIAMETER 30.00

100000.

1399.
3735S.
3.63
1585.
1412,
8.479



TABLE 34. — SPLIT-EXPANDER ENGINE — 7500 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

AR REAN G RENERAAA RN E R AR R RN aO RN

CHAMBER PRESSURE 1247.9
VAC ENGINE THRUST 7500.
TOTAL ENGINE FLOW RATE 15.63
DEL. vaC. ISP 479.9
THROAT AREA 2.93
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 61.12
ENGINE MIXTURE RATID 6.00
ETA Cn 0.993
CHAMBER COOLANT DP 1112.
CHAMBER COOLANT DT 993,
NOZZLE/CHAMBER Q 4087.

ENGINE STATION CONDITIONS

RN AR AN RN RN RN R AN RR RN AN

a FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.6 2.23 -107.5 6.37
B.P. EXIT 100.7 38.5 2.23 -103.0 .39
PUMP INLET 100.7 8.5 2.23 -l103.0 6.39%
1ST STAGE EXIT 1756.86 5.6 2.23 10.7 .31
JBV INLET 1721.5 65.9 1.12 10.9 6.29
JBV EXIT 1463.2 €1.8 1.12 10.9 %.09
2ND STAGE EXIT 3105.7 92.3 1.12 119.1 4.18
PUMP EXIT 4354.6 116.6 1.12 218.8 4.16
COOLANT IMLET 4311.0 116.7 1.12 218.8 4.12
COOLANT EXIT 3198.8 1110.0 1.12 3876.7 0.5%0
TBY INLET 3166.8 1110.2 0.06 3876.7 0.50
T8V EXIT 1470.1 1122.3 0.06 3876.7 0.2¢
02 TRB IMLET 3166.8 1110.2 1.06 3876.7 0.50
02 TRB EXIT 2851.0 1087.4 1.06 3788.8 0.4¢6
HZ TRB IMLET 2851.0 1087 .4 1.06 1788.8 0.46
H2 TRB EX1T 1560.2 964.9 1.06 3329.9 0.29
H2 TRB DIFFUSER 15462.9 965.0 1.06 3329.9 0.29%
H2 BST TRB IN 1527.5 965.0 1.06 3329.9 0.29
H2 BST TRB OUT 1508.2 962.5 1.06 3320.6 0.28
H2 BST TRB DIFF 1503.2 962.5 1.06 3320.4 0.28
02 BST TRB IN 1488.1 962.6 1.06 3320.4 a.28
02 BST TRB OUT 1478.2 961.2 1.06 3315.2 0.28
02 BST TRB DIFF 1477.5 961.2 1.06 3315.2 0.28
H2 TAMK PRESS 18.6 979.5 0.0018 3343.3 0.003¢
GOX HEAY EXCH IN 1470.1 969.3 1.12 3343.3 0.27
GOX HEAT EXCH OUT 1462.8 968.6 1.12 3340.5 0.27
®IXER HOT IN 1462.8 968. € 1.12 3340.5 0.27
MIXER COLD IN 1663.2 67.8 1.12 10.9 4.09
MIXER OUT 1389.6 498.7 2.23 1676.4 0.49
FSOV INLET 1389.6 498.7 2.23 1676.4 0.649
FSOV EXIT 1354.9 498.9 2.23 1674.46 0.8
CHAMBER INJ 1341.3 498.9 2.23 1676.¢ 0.48
CHAMBER 12647.9

® OXYGEN SYSTEM CONDITIONS «

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMEY 16.0 162.7 13.4 61.1 71.17
B.P. EXIT 135.¢6 163.2 13.4 61.5 71.20
PUMP INLET 135.6 163.2 13.4 61.5 71.20
PUMP EXIT 2020.9 173.0 13.4 68.4 71.41

02 TANK PRESS 16.0 %00.0 0.023 204.7 0.12
OCV THLET 2000.7 173.1 13.4 68 .4 71.38
ocv EXIT 1400.5 175.4 13.4 6B.4 70.43
CHAMBER INJ 1386.5 175.4 13.4 68.4 70.61
CHAMBER 1247.9

& VALVE DATA =

VALVE DELTA P AREA FLOW % BYPASS
JBV 258. 0.05 1.12 50.00
BV 16937, 0.00 0.06 5.00
FsSovV 35. 0.79 2.23
ocv 600. 0.10 13.40

#« INJECTOR DaTA =

IHJECTOR DELTA P AREA FLOW VELOCITY
FUEL 93. .51 2.23 1238.0%
Lox 139. 0.20 13.40 128.16



SPLIT-EXPANDER ENGINE — 7500 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

TABLE 34. —

R Ty Y Y YT Py T T ]
® TURBOMACHINERY PERFORMAMNCE DATA «
N AR RN IR NR AN NN R T AR R
ErseasnmAsAERInaan
* H2 BOOST P n

MadnNdswERNRET R

REREE N RN CR AR

* H2 BOOST TURBINE »

RARAANANA R AR RSN

EFFICIENCY (T/T) 6.789 EFFICIENCY 0.765
EFFICIENCY (1/S) 0.587 HORSEPOWER 1<.
SPEED (RPH) 76439, SPEED (RPM} 75439.
MEAN DIA (1IN} 1.16 S SPEED 304s.
EFF AREA (IN2) 0.67 HEAD (FT) 2697.
usc (ACTUAL) 0.553 Dia. {IN) 1.33
MAX TIP SPEED 484, TIP SPEED <39,
STAGES 1 VOL. FLOW 228.
GAMMA 1.42 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOW COEF 0.201
PRESS RATIO (T/S) 1.02

HORSEPOWER 14,

EXIT MACH NUMBER c.07

SPECIFIC SPEED
SPECIFIC DIAMETER 0.68

POTTITI I
" H PLUMP e
T

STAGE ONE STAGE TWO STAGE THREE

* H2 TURBINE «

EFFICIENCY (T/T) 0.776 EFFICIENCY 0.621 0.543 0.557
EFFICIENCY (T/S) 0.759 HORSEPOMWER 360. 171. 158.
SPEED (RPM) 187500. SPEED (RPM) 187500. 187%00. 187500.
HORSEPOWER 689, SS SPEED 2310.
MEAN DlA. (IN) 2.28 S SPEED 796. 656. 688.
EFF AREA (IN2) G.09 HEAD (FT} 55008. 45817. 43238.
usc (ACTUAL) 0.550 DIa. (IN) 2.26 2.13 2.13
MAX TIP SPEED 1933, TIP SPEED 1847. 1743, 1743.
STAGES 2 VOL. FLOW 233, 120. 121.
GAMMA 1.42 HEAD COEF 0.519 0.485 0.458
PRESS RATIO (T/T) 1.83 FLOW COEF 0.097
PRESS RATIC (T/S) 1.85 DIAMETER RATIO 0.327
EXIT MACH NUMBER 0.13 BEARING DN 3.00€+06
SPECIFIC SPEED 21.97 SHAFT DIAMETER l6.00

SPECIFIC DIAMETER 2.34

ENA AR AN AAE AN

% 02 BOOST TURBINE =

EFFICIENCY (T/T) 0.811

EFFICIENCY (T/5) 0.739
SPEED (RPH) 20181.
MEAN DA - (IN) 3.19
EFF AREA {IN2) 0.94
e C o (ACTMAL) 0.553
MAX TIP SPEED 307.
STAGES 1
GaMMA 1.42
PRESS RATID (T/T7) 1.01
PRESS RATIO (T/S) 1.01
HORSEPOMER 8.
EXIT MACH NUMBER 0.03
SPECIFIC SPEED 61.32
SPECIFIC DIAMETER 1.30

LI Y T YT Y

» 02 TURBINE =

MENE NN TR RN
EFFICIENCY (T/T) 0.778
EFFICIENCY (T/S) 6.750

SPEED (RPM} 109465,
HORSEPOMER 132.
HMEAN DIA {IN) 2.28
EFF AREA (IN2) 0.13
usc (ACTUAL) 0.519
MAX TIP SPEED 1130.
STAGES 1
GAMMA 1.42
PRESS RATIO (T/T) 1.11
PRESS RATIO (T/S) 1.12
EXIT MACH NUMBER 0.07
SPECIFIC SPEED 30.%59

SPECIFIC DIAMETER 2.33
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® 02 BOOST PUMP »

EFFICIENCY 0.764
HORSEPOWER 8.
SPEED  (RPM) 20181.
S SPEED 3026.
HEAD (FT} 242.
DIA. C(IN) 1.49
TIP SPEED 132.
VOL. FLOW 8s.
HEAD COEF 0.450
FLOW COEF 0.200

[T

.02 PUMP =

[T
EFFICIENCY 0.702
HORSEPOMER 132.
SPEED  (RPM) 109465
SS SPEED 19676.
S SPEED 2077.
HEAD (FT) 3801.
DIA. CINY 1.14
TIP SPEED 546.
VOL. FLOM 84.
HEAD COEF 0.410
FLOW COEF 0.165
DIAMETER RATIC 0.687
BEARIMG DN 1.31€+06
SHAFT DIAMETER 12.00



TABLE 35. — SPLIT-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGIMNE PERFORMANCE PARAMETERS

wusemanunEnN daRNANNEEIRNEEARRREER

CHAMBER PRESSURE 14943
VvAC ENGINE THRUST 15000.
TOTAL ENGINE FLOM RATE 31.2%
DEL. VAC. ISP 4<80.0
THROAT AREA «.91
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 79.03
ENGINE MIXTURE RATIO 6.00
€7A C= 0.993
CHAMBER COOLANY DP 634.
CHAMBER COOLANT DT 1014,
NOZZLE/CHAMBER Q B3S7.

ENGINE STATION CONDITIONS

RN AN E RN NN UGN AN N

« FUEL SYSTEM COMDITIONS =

STATION PRESS TEWP FLOW ENTHALPY DENSITY
B.P. INMLET 18.6 37.4 %.a7 -107.5 4.37
B.P. EXIT 100.3 38.5 4.47 -103.0 4.3%
PUMP INLET 100.3 38.5% 4.47 -103.0 4.39
1ST STAGE EXIT 2103.5 71.0 4.47 34.3 .31
JBY INLET 2061.5 71.4 2.23 36.3 4.28
JBY EXIT 1752.3 73.6 2.23 34.3 «.07
2ND STAGE EXIT 3276.3 90.0 2.23 116.1 %.30
PUMP EXIT 4408.2 107.9 2.23 196.6 4.31
COOLANT INLET 4364.1 108.2 2.2% 196.6 4.29
COOLANT EXIT 3830.6 1122.2 2.23 3935.2 0.59
TBV INLET 3792.3 1122.5 0.11 3935.2 0.58
TBV EXIT 1761.4 1137.0 0.1} 3935.2 0.28
02 TRB INLET 3792.3 1122.% 2.12 3935.2 0.58
02 TRB EXIT 3361.7 1096.3 2.12 38329 0.54
H2 TRB IMLET 3361.7 1096.3 z.12 3832.9 0.54
H2 TREB EXIT 1864.0 975.8 2.12 31375.0 0.34
H2 TRB DIFFUSER 18466.0 975.9 2.12 2175.0 0.34
H2 BST TRB IN 1827.6 975.9 2.12 3375.¢0 0.34
H2 BST TRB OUT 1805.6 973.4 2.12 3365.5 0.33
H2 BST TRB DIFF 1800.6 973.5 2.12 3365.5 0.33
02 BST TRB IN 1782.6 973.6 2.12 3365.5 0.33
02 BST TRB OUT 1771.0 972.2 2.12 3360.4 0.33
02 BST TRB DIFF 1770.3 9972.2 2.12 3360.4 0.33
H2 TANK PRESS 18.6 9%2.7 0.003¢ 338%.1 0.003%
GOX HEAT EXCH IN 1761.4 0.5 2.23 3189.1) 0.32
GOX HEAT EXCH OUT 1752.6 979.8 2.23 3386.4 0.32
MIXER HOT IN 1752.6 979.8 2.23 3386.4 0.32
MIXER COLD IR 1752.3 73.6 2.23 34.3 4.07
MIXER OUT 1665.0 507.2 %.46 1709.0 0.58
FSOV INLET 1665.0 507.2 4.46 1709.0 0.58
Fsov EXIT 1623.3 507.4 4.46 1709.0 0.56
CHAMBER [NJ 1607.1 $07.4 4.46 1709.0 0.5¢
CHAMBER 16494.3

= OXYGEN SYSTEM COMDITIONS x

STATION PRESS TEW FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 26.8 6l.1 71.17
B.P. EXIY 135.6 163.2 26.8 6.5 71.20
PUMP INLET 135.6 163.2 26.8 61.5 71.20
PUMP EXIT 26420.1 174.3 26.8 69.5 71.58

02 TANK PRESS 16.0 400.0 0.045 204.7 0.12
OCV INLET 2395.9 176.4 26.8 9.5 71.54
ocy EX1T 1677.1 177.1 26.8 69.5 70.642
CHAMBER INJ 1660.3 177.2 26.8 69.5 70.39
CHAMBER 164%94.3

s VALVE DATA ®

VALVE DELYA ¢ AREA FLOW X BYPASS
JBV 309. 0.09 2.23 50.00
BV 2031. 60.01 .11 5.00
FSOvV 42. 1.34 4.46
ocv 719. .18 26.79

® IRJSECTOR DATA =

INJECTOR DELTA P AREA FLOM VELOCITY
FUEL 113, 0.8% .66 1266.55
LOX 166. 0.37 26.79 140.2¢
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TABLE 35.

SPLIT-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

* TURBOMACHINERY PERFORMANCE DATA «

AR NN NI R N AR U NN RN MR E R R AR AN

FEdam RS IAN AN

* H2 BOOST TURBINE «

EasRNANGRUN SRR

EFFICIENCY (T/T) 0.815%
EFFICIENCY (T/S) 0.62¢
SPEED (RPM} 53228.
MEAN DIA (IN) 1.64
EFF AREA {IN2) 1.15
usc (ACTuAL) 0.553
MAX TIP SPEED 475.
STAGES ]
GAMMA 1.44
PRESS RATIOC (T/T) 1.01
PRESS RAT1O (T/S) 1.02
HORSEP OWER 28.
EXIT MACH NUMBER 6.06
SPECIFIC SPEED 116.1%
SPECIFIC DIAMETER 6.72

ARENENAAEE

* H2 TURBINE =

FuaRENNNANREEY
EFFICIENCY (T/T) 0.786
EFFICIENCY (T/3) 0.770
SPEED (RPM) 136363,
HORSEPOMER 1375.
MEAN DIA. (N 3.0¢
EFF AREA (IN2) 0.15
usc (ACTuAL) 0.537
MAX T1P SPEED 1884.
STAGES 2
GAMMA 1.44
PRESS RATIO (T/T) 1.80
PRESS RATIO (T/S) 1.83
EXIT MACH NUMBER 0.12
SPECIFIC SPEED 30.55
SPECIFIC DIAMETER 2.41

L R Y Y Y Y]

* 02 BOOSY TURHINE »

EFFICIENCY (T/T) 0.827
EFFICIENCY (T/S) 0.760
SPEED (RPM) 14271,
MEAN DIA {IN) 4.50
EFF AREA (IN2) 1.60
wc {ACTUAL) 0.553
MAX TIP SPEED 304.
STAGES 1
GAMMA 1.44
PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.01

HORSEPOWER 1s.

EXIT MACH MUMBER 0.03
SPECIFIC SPEED 57.49
SPECIFIC DIAMETER 1.39

ISR ERSETTRY ]

" 02 TURBINE =

EEaAEERENARAEN
EFFICIENCY (T/T}  0.782
EFFICIENCY (T/S) 0.758
SPEED (RPM)  B82994.
HORSEPOMER 307.
MEAN DIA 310 3.06
EFF AREA () 0.20
usc (ACTUAL)  0.48%
MAX TIP SPEED 1146.
STAGES 1
GAMMA 1.46
PRESS RATIO (T/T) 1.13
PRESS RATIC (T/S) 1.13
EXIT MACH NUMBER o.06
SPECIFIC SPEED 27.2%
SPECIFIC DIAMETER 2.47

* H2 BOOST PUMP =

LT YRR Y Y]

EFFICIENCY 0.766
HORSEPOWER 28,
SPEED (RPM) 53228.
S SPEED 3051.
HEAD (FT) 2684.
Dla. {IN) 1.88
TIP SPEED «38.
VOL. FLOW “57.
HEAD COEF 0.450
FLOW COEF 0.201

LTI YT

* H2 PUMP «

STAGE ONE STAGE TWO STAGE THREE

MAMMARAEN MERANNREE
EFFICIENCY 0.623 0.615
HORSEPOMER 868. 259.
SPEED (RPM) 136363, 136363,
SS SPEED 9607.
S SPEED 710. 748.
HEAD (FT) 66570. 39185.
DIa. (IN) 3.34 2.66
T1P SPEED 1990. 1582.
VOL. FLOK “65. 2338,
HEAD COEF 0.541 0.503
FLOW COEF 0.090
DIAMETER RATIO 0.309
BEARING DN 3.00E+06
SHAFT DIAMETER 22.00

ERM NN ER AN RN
* 02 BOOST PUMP =

EFFICIENCY 0.764
HOR SEPOMER 15.
SPEED  (RPM) 14271,
S SPEED 3026.
HEAD (FT) 242.
DIA. C(IN) 2.1
TIP SPEED 132.
VOL. FLOW 169.
HEAD COEF 0.450
FLOW COEF 0.200

T

" 02 PUMP

YOI
EFFICIENCY 0.730
HORSEPOWER 307.
SPEED  (RPM) 82996.
SS SPEED 21095,
S SPEED 1929.
HEAD (FT) 4595.
DIA. C(IN) 1.64
TIP SPEED 593.
VOL. FLOW 168.
HEAD COEF 0.420
FLOW COEF 0.159
DIAMETER RATIO 0.684
BEARING DN 1.49E+06
SHAFT DIAMETER 18.00

NESEENNANAN
0.621
248.
136363.

765.
37954,
2.64
1583,
233.
0.488



TABLE 36. — SPLIT-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

AR AR AR NN NN AR NN C U N RN AU N NERS

CHAMBER PRESSURE 1559.9
VAC ENGINE THRUST 25000.
TOTAL ENGINE FLOW RATE $2.08
DEL. vaC. ISP 480.0
THROAT AREA 7.83
NOZZLE AREA RATIOQ 1020.0
NOTZLE EXIT DIAMETER 99.88
ENGINE MIXTURE RATIO 6.00
ETA C= 0.993
CHAMBER COOLANT DP 539.
CHAMBER COOLANT DT 90S.
NOZZLE/CHAMBER Q 124BS.

ENGINE STATION CONDITIONS

L T R Y R R Y

% FUEL SYSTEM CONDITIONS «

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMLET 18.6 37.4 7.45 -107.5% 4.37
B.P. EXIT 100.8 8.5 7.45 ~103.0 4.39
PUMP INLET 100.8 38.5% 7.45 -103.0 4.39
1ST STAGE EXIT 219%.6 67.8 7.45 27.4 4 .64
JBY IMLET 2151.7 68.2 3.72 27.5 4.61
JBV EXIT 1828.9 70.8 3.72 27.% 4.1%
2ND STAGE EXIT 3396.2 B84.1 3.72 102.2 4.47
PUMP EXIY 4583.6 99.8 3.72 1758.3 4.51
COOLANT INLET 4537.7 100.2 3.722 175.3 4.49
COOLANT EXIT 3998.5 1004.9 3.72 3528.3 0.68
TBY IMLET 3958.5 1005.2 .19 3528.3 0.67
TBV EXIT 1838.3 1019.9 0.19 3528.3 0.32
2 TRB INLET 3958.5 1005.2 3.54 3528.3 0.67
2 TRB EXIT 3489.3 978.6 3.54 3423.9 0.62
H2 TRB INLET 3489.3 978.6 3.56 3423.9 0.62
H2 TRB EXIT 1949.5 866.0 3.5¢ 29931.7 0.40
H2 TRB DIFFUSER 1928.6 866.1 3.54 2993.7 0.40
H2 BST TRB IN 1909.4 866.1 3.54 2993.7 0.40
H2 BST TRB OUT 1885.0 B63.7 I.54 29841 0.39
H2 BST TRB DIFF 1880.0 Bé63.8 3.54 2984.1 0.39
02 BST TRB IN 1861.2 863.9 3.5¢ 2984.1 0.38
02 BST TRB OUTY 1848.3 862.5 3.54 2979.0 0.38
02 BST TRB DIFF 1847.5 862.5 3.54 297%.0 0.38
H2 TANK PRESS 18.6 882.3 0.0068 3006.4 0.0040
GOX HEAT EXCH IN 1838.3 B870.4 3.72 3006.4 0.38
GOX HEAT EXCH DUT 1829.1 869.6 3.72 3003.7 0.38
MIXER HOT IN 1829.1 869.6 32 3003.7 0.38
MIXER COLD IN 182B.9 70.8 3.72 27.5 «.19
MIXER OUT 1737.6 454.0 7.44 1514.2 0.67
FSOV IMLET 1737.6 454.0 7.644 1514.2 0.67
<sovEXIT 1694.2 “56.1 7.44 1514.2 0.65
CHAMBER INJ 1659.6 454.2 7.44 1514.2 0.66
CHAMBER 1559.9
" OXYGEN SYSTEM CONDITIONS »
STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 “6.7 1.1 71.17
B.P. EXIT 135.6 163.2 “6.7 61.5 71.20
PUMP INLET 135.6 163.2 “6.7 61.% 71.20
PUMP EXIT 2526.3 174.3 46.7 69.7 71.68
02 TANK PRESS l16.0 400.0 0.07¢ 206.7 0.12
ocV INLET 2501.1 174.4 64,6 69.7 71.64
ocy EXIT 1750.8 177.2 6466 69.7 70.47
CHAMBER INJ 1715.9 177.4 44.6 69.7 70.41
CHAMBER 1559.9

% VALVE DATA =

VALVE DELTA P AREA FLOW X BYPASS
4BV 323. 0.1% 3.712 50.00
TBV 2120. 0.01 0.19 5.00
Fsov 43. 2.02 7.644
ocv 750. 0.29 44,84

% INJECTOR DATA «

INJECTOR DELTA P AREA FLOM VELOCITY
FueL 117. 1.39 7.64 1206.29
tox 173. 0.64 46 .66 1643.26

l6¢



TABLE 36. — SPLIT-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

= TURBOMACHINERY PERFORMANCE DATA «

L Y YRR Y]

. MMEseesnamnEaERE

« H2 BOOST TURBINE = " H2 BOOST PUMP «

R RENANA RV AR KumEssenannEnnaEy
EFFICIENCY (T/T)  0.873 EFFICIENCY 0.76%
EFFICIENCY (T/S)  0.68S HORSEPOMER <.
SPEED (RPM) 41343, SPEED  (RPM) 41343,
MEAN DIA (3TN 2.12 S SPEED 3045.
EFF AREA (IN2) 1.68 HEAD (FT) 2700.
usc (ACTUAL)  0.553 DIA. (IN) 2.43
MAX TIP SPEED 469, T1P SPEED 439.
STAGES 1 VOL. FLOM 761
GAMHA 1.44 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOW COEF 0.281
PRESS RATIO (T/S) 1.02 ’

HORSEPOMER 48.
EXIT MACH NUMBER 0.07
SPECIFIC SPEED 114,44

SPECIFIC DIAMETER 0.75

LTI YTY)
" M2 TURBINE « 2 PUMP ¥
HERANNNRERANRE NEesRUNNERN

STAGE ONE STAGE TWO STAGE THREE

EFFICIENCY (T/T) 0.837 EFFICIENCY 0.672 0.670
EFFICIENCY (T/S) 0.819 HORSEP OWER 1375. 385.
SPEED {RPM) 125000. SPEED (RPM) 125000. 125000.
HORSEPOHER 2153. SS SPEED 11322,

MEAN DIA. CINY 5.13 S SPEED B13. 876. 883.
EFF AREA (IN2) 0.22 HEAD (FT) 8187, 38830. 3809).
vsc (ACTUAL) 0.520 Dia. (IN) 3.70 2.87 2.87
MAX TIP SPEED 1787. TIP SPEED 1546. 1565.
STAGES 2 VOL. FLOW 374. 371.
GAMMA 1.64 HEAD COEF 8.510 0.500
PRESS RATIO (T/T) 1.79 FLOW COEF

PRESS RATIO (T/S) 1.82 DIAMETER RATIO

EXIT MACH NUMBER 0.13 BEARING DN

SPECIFIC SPEED 36.39 SHAFT DIAMETER

SPECIFIC DIAMETER 2.04

& 02 BOOST TURBINE w

EFFICIENCY (T/T) 0.869 EFFICIENCY 0.764
EFFICIENCY (T/S) ¢.803 HORSEP OMER 2.
SPEED (RPM)  11055. SPEED (RPY) 11055,
MEAN DIA (IN) 5.82 S SPEED 302¢.
EFF AREA (N2 2.32 HEAD (FT) 242,
usc C(ACTUAL) 0.553 DIA. {IN) 2.12
MAX TIP SPEED 302. TIP SPEED 132.
STAGES 1 VOL. FLOw 282.
GAMMA 1.44 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOW COEF 0.200
PRESS RATIO (T/S) 1.01

HORSEPOWER 26.

EXIT MACH NUMBER 6.03

SPECIFIC SPEED 55.25

SPECIFIC DIAMETER 1.48

* 02 TURBINE = "2 PUMP w

LRI YY) CLLIEYTY TV
EFFICIENCY (T/T3 0.852 EFFICIENCY 0.747
EFFICIENCY (T/S) 0.826 HORSEPOWER s22.
SPEED (RPM) 65070. SPEED (RPH) €5070.
HORSEPOMER 522. SS SPEED 213%2.
MEAN DIA (IN) 3.13 S SPEED 1688,
E€FF AREA (IN2} 0.30 HEAD (FT) 4<861.
usc (acTuUAL) 0.550 DIA. (IN) 2.12
MAX TIP SPEED 939. TIP SPEED é8z.
STAGES 2 VOL. FLOM 288.
Garea 1.44 HEAD COEF 0.426
PRESS RATIO (T/T) 1.13 FLOW COEF 0.157
PRESS RATIO (T/S) 1.14 DIAMETER RATIO 0.684
EXTT MACH NUMBER a.07 BEARING DM 1.43E+06
SPECIFIC SPEED 43.98 SHAFT DIAETER 22.00

SPECIFIC DIAMETER 1.80
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TABLE 37. — SPLIT-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1665.3
VAC ENGINE THRUST 37500.
TOTAL ENGINE FLOW RATE 78.13
DEL. VAC. ISP “<80.0
THROAT AREA 2.51
MNOZZLE AREA RATIO 1000.0
MOZZLE EXIT DIAMETER 126.19
ENGINE MIXTURE RATIO 6.00
ETA Cn 0.993
CHAMBER COOLANT DP (4199
CHAMBER COOLANT DT 784.
NOZZLE/CHAMBER Q 16332.

ENGINE STATION CONDITIONS

n FUEL SYSTEW CONDITIONS =

STATION PRESS b2, 4 FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 11.12 -107.5 4.37
B.P. EXIT 100.8 38.5 1t.17 -103.0 4.39
PUMP INLET 100.8 38.9% 11.17 -103.0 .39
1ST STAGE EXIT 2062.7 3.4 11.17 12.4 4.50
JBY INLET 2021.5% 63.8 5.59 12.4 “.47
JBV EXIT 1718.2 €6.5 5.59 12.4 .27
2WD STAGE EXIT 3172.9 76.9 5.5% 77.0 4.56
P EXIT «283.4 90.1 5.59 140.8 4.61
COOLANT INLET 4240.6 20.5 5.59 140.8 4.59
COOLANT EXIT 3756.2 874.3 5.59 3064.3 0.73
TBV INMLET 3718.6 8746.5 0.28 3064.3 0.72
TBY EXIT 1726.8 887.6 0.28 3064.3 0.3%
02 TRB INLET 3718.6 874.5% 5.351 3066.3 0.72
o TRB EXIT 3257.5 850.4 5.3) 2968.4 0.66
K2 TRB INLET 3257.5 850.46 $.51 2968 .4 0.66
+2 TRB EXIT 1841.2 152.7 5.31 2590.3 0.43
HZ TRB DIFFUSER 1817.0 752.9 5.51 2590.3 0.43
+Z BST TRB IN 1798.8 752.9 5.51 2590.3 0.43
HZ BST TRB OUT 1772.8 T50.4 5.51 2580.7 0.42
HZ BST TRB DIFF 1767.8 750.5 5.5 2580.7 0.42
o2 BST TRB IN 1750.1 750.6 5.31 2580.7 0.42
02 BST TRB OUT 1736.2 149.2 5.31 2575.6 0.41
0z BST TRB DIFF 1235.4 769.2 5.31 2575.6 0.41
2 TANK PRESS 18.6 766.5 0.0117 2600.0 0.0046
GOX HEAT EXCH IN 1726.8 756.2 5.57 2600.0 0.41
GOX HEAT EXCH OUT 1718.1 755.5 5.5? 2597.2 0.41
WIXER HOT IN 1718.1 755.5 5.57 2597.2 0.41
MIXER COLD IN 1718.2 66.5 5.5% 12.4 4.27
KIXER OUT 1632.2 3%8.8 11.1¢ 1303.5 0.71
FSOV INLET 1632.2 398.8 11.1¢ 1303.5 0.71
FSOV EXIT 1591 .4 3%8.9 11.16 1303.5 0.70
OAMBER INJ 1559.0 399.0 11.16 1303.9 c.68
CHAMBER 1665.3
& OXYGEN SYSTEM CONDITIONS =
STATION PRESS TEW FLOM ENTHALPY DENSITY
B.P. INLET 16.0 162.7 67.1 61.1 71.17
B.P. EXIT 135.¢ 163.2 67.1 61.5 71.20
PU® IMET 135.6 163.2 67.1 61.5 71.20
PU® EXIT 2373.1 173.2 87.1 69.0 71.70
C2 TAMK PRESS 16.0 400.0 0.113 204.7 0.12
oCvy IMLET 2349.3 173.3 67.0 69.0 71.866
ocY EXIT 1644.5 176.0 €7.0 69.0 76.56
O-AMBER INJ 1611.8 176.1 ¢7.0 69.0 70.51
O~AMBER 16465.3

= VALVE DATA =

VaLVE DELTA P AREA FLOM X BYPASS
J8v 363. 0.23% 5.59 50.00
SV 1992. 0.02 0.28 S.00
Fsov 4t. 3.02 11.1¢
ocv 705. 8.45 66.97

= [MJECTOR DATA «

INJECTOR DELTA P AREA FLOW VELOCITY
FLEL 110. 2.08 11.1¢6 1130.27
Lox 163. 8.9 66.97 138.75
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TABLE 37.

SPLIT-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

NN AN AR R NN AT R AN RN

* TURBOMACHINERY PERFORMANCE DATA «

L Y Y T P Y T I T

LEEE AR YRR TY T Y

* HZ BOOST TURBINE =

FRARAANNMR RN AR ER

EFFICIENCY (T/T) 0.885
EFFICIENCY (1/3%) 0.703
SPEED (RPH) 33752.
MEAN DIA (IND 2.60
EFF AREA CIN2) 2.3¢
usc {ACTUAL ) 0.552
MAX TIP SPEED 465,
STAGES 1
GAMMA 1.39
PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S} 1.02
HORSEPOWER 72.
EXIT MACH NUMBER 0.07
SPECIFIC SPEED 112.18

SPECIFIC DIAMETER 0.77

% HZ TURBINE =

EFFICIENCY (T/T1  0.856
EFFICIENCY (T/S)  0.832
SPEED (RPM) 107143.
HORSEPOWER 2839.
MEAN DIA. C(IN) 3.61
EFF AREA (IN2) 0.3%¢
usc’ (ACTUAL) 0.548
MAX TIP SPEED 1771,
STAGES 2
GAMMA 1.39
PRESS RATIO (T/7) 1.77
PRESS RATIO (T/S) 1.80
EXIT MACH NUMBER 6.15
SPECIFIC SPEZED 41.14
SPECIFIC DIAMETER 1.92

® 02 BOOST TURBIKE =

EFFICIENCY (T/T) 0.87¢
EFFICIENCY (T/S) 0.812
SPEED (RPM) 9026.
MEAN DO1A (IN) 7.12
Y- LINR2) 3.2¢
usc (ACTUAL) 0.5%3
MAX TIP SPEED 301.
STAGES ]
GAMMA 1.39
PRESS RATIO (T/T) 1.01
PRESS RATIO (T1/3) 1.01
HORSEPOWER 39.
EXIT MACH NUMBER c.03
SPECIFIC SPEED £3.61
SPECIFIC DIAMETER 1.53

NEsANK AR

* 02 TURBINE «

BanmREMNRN AN
EFFICIENCY (T/T) 0.857
EFFICIENCY (T/S) 0.833
SPEED (RPM) 51439,
HORSEPOWER 721.
MEAN DIA (IN) 3.61
EFF AREA (IN2) 0.4
usc (ACTUAL ) 0.522
MAX TIP SPEED 858.
STAGES 2
GAMMA 1.39
PRESS RATIO (T/T) 1.14
PRESS RATIO (T/S) 1.18
EXIT MACH NUMBER 0.07
SPECIFIC SPEED 44. 0%
SPECIFIC DIAMETER 1.72

Ekman
RRReuNNERABTACRaY

* H2 BOOST PUMP «

EFFICIENCY 0.76%
HORSEPOWER 72.
SPEED (RPM} 3371%2.
S SPEED 3046.
HEAD (FT) 2700.
Dla. (IN) 2.98
TIP SPEED <39,
VL. FLOM 1142,
HEAD COEF 0.450
FLOW COEF 0.201

" H2 PUNP =

KemNuNSaEeN

STAGE OME STAGE TWO STAGE THREE

EFFICIENCY 0.70¢ 0.702
HORSEPOWER 1824 . S1r.
SPEED (RPM} 107143, 107143,
SS SPEED 11888.
S SPEED 897. 76.
HEAD (FT) 63208. is282.
DIA. (IN} “«.17 3.19
TIP SPEED 1950. 1291,
VOL. FLOW 1114, $50.
HEAD COEF 0.535 0.511
FLOW COEF 0.1046
DIAMETER RATIC 0.364
BEARING DN 3.00€E+06
SHAFT DIAMETER 28.00

ARRUENN AR RENE

® 02 BOOST PUMP =

EFFICIENCY 0.764
HORSEPOMER 39.
SPEED  (RPM) 026,
S SPEED 3026.
HEAD (FT) 2642.
DIA. (IN) 3.34
TiP SPEED 132.
VOL. FLOK 423.
HEAD COEF 0.450
FLOW COEF 0.200

T

" 02 PUMP =

[
EFFICIENCY 0.760
HORSEPOMER 721.
SPEED  (RPM) 51439,
SS SPEED 20473.
S SPEED 1921.
HEAD FT) 4492,
DIA. (IN) 2.58
TIP SPEED s79.
VOL. FLOM «20.
HEAD COEF 6.431
FLOW COEF 0.159
DIAMETER RATIO 0.685
BEARING DN 1.44E+06
SHAFT DIAMETER 28.00
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0.702
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107143,

979.
34887.
3.19
1491.
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0.505



TABLE 38. — SPLIT-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

AN NN AN NN NN RA R AN AR R RN AN ERA

CHAMBER PRESSURE 1406.6
VAC ENGINE THRUST 50000.
TOTAL EMGINE FLOW RATE 104.18
DEL. VaC. ISP 480.0
THROAT AREA 17.36
NOZZLE ARCA RATIO 1000.0
NOZZLE EXIT DIAMETER 1<8.69%
ENGINE MIXTURE RATIO 6.00
ETA C= 0.993
CHAMBER COOLANT DP “sB.
CHAMBER COOLANT DT 716.
NOZZLE/CHAMBER Q 19967,

ENGINE STATION CONDITIONS

L L R R T R N N Y]

® FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 18.é 37.4 14.%0 -107.% %.37
B.P. EX17 101.0 38.% 14.90 -103.0 4.39
PUMP INLET 101.0 38.5 14.90 ~-103.0 4.39
1ST STAGE EXIT 1980.1 60.7 14.90 3.1 4.54
JBV IMLET 1940.5 61.1 7.45 3.0 .52
JBV EXIT 1649.46 €3.7 7.45 3.0 %.32
2ND STAGE EXIT 3033.6 72.5 7.45 61.7 6.61
PUMP EXI1T 6096 .4 84.2 7.45 119.9 %.67
COOLANT IWMLET 4053.4 84.6 7.45 119.9 6.65
COOLANT EXI1T 3605.8 800.5 7.4% 2798.8 0.27
TBY INLEY 3569.7 800.7 0.37 2798.8 0.7¢
TBV EXIT 1658.4 812.8 0.37 2798.8 0.37
02 TRB INLET 3569.7 800.7 7.08 2798.8 0.76
02 TRB EXIT 3110.4 778.1 7.08 2708.8 0.69
H2 TRB INLET 3110.4 718.1 7.08 2708.90 0.69
H2 TRB EXIT 1775.1 688.3 7.08 2361.8 0.46
H2 TRB DIFFUSER 1748.7 688 .4 7.08 2361.8 0.4
H2 BST TRB IN 1731.2 688 .4 7.08 2361.8 0.65
H2 BIT TRB OUT 1704.0 685.9 7.08 2352.2 0.44
H2 BST TRB DIFF 1699.0 686.0 7.08 23%52.2 0.44
02 BST TRB IN 1682.0 686.1 7.08 2352.2 0.64
02 BST TRB OUT 1667.6 6B84.7 7.08 2347.1 0.44
02 BST TRB DIFF 1666.7 $84.7 .08 2347.1 0.43
H2 TANK PRESS 18.6 700.4 0.0171 2369%.2 ¢.0050
GOX HEAT EXCH IN 1658.4 691.2 7.43 2369.7 0.63
GOX HEAT EXCH OUT 1650.1 690.4 7.43 2366.9 0.43
MIXER HOT IN 1650.1 690.4 7.43 2366.9 0.43
MIXER COLD IN 1649.4 63.7 7.45 3.0 “.32
MIXER OUT 1567.6 368.3 14.88 1183.6 0.74
FSOV INRLET 1567.6 368.3 14 .88 11B3.6 0.74
FSOV EXIT 1528 .4 368.3 14.88 1183.6 0.72
CHAMBER 1MJ 1497.2 368.4 14 .88 1183.¢ 0.7}
CHAMBER 1406.6
® OXKYGEN SYSTEM CONDITIONS =
STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 89.¢4 61.1 71.17
B.P. EXIT 135.6 163.2 89.4 61.5 71.20
PUMP INLET 135.6 163.2 89.4 61.5 71.20
PUMP EXIT 2278.1 172.6 89.4 68.6 7.7
02 TANK PRESS 16.0 %00.0 0.151 204.7 0.12
oCV INLET 2255.3 172.7 89.3 68.6 71.67
ocy EXIT 1578.7 175.3 89.3 68.6 70.62
CHAMBER INJ 1567.3 175.4 89.3 68.6 70.57
CHAMBER 1406.6
W VALVE DATA »
VALVE DELTA P AREA FLOW X BYPASS
JBv 291. 0.31 7.45 50.00
TBV 1911, 0.02 0.37 5.00
FsSov 39. 4.03 14.88
ocv 677. 0.61 B9.2%
# INJECTOR DATA «
INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 106. 2.17 14.88 1092.16
LOX 156, 1.34 89.29 135.8%
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TABLE 38.

SPLIT-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

® TURBOMACHINERY PERFORMANCE DATA »

% H2 BOOST TURBINE =

NRERANRAN AR A

EFFICIENCY (T/T) 0.894
EFFICIENCY (T/S) G.716
SPEED (RPM} 29253,
MEAN DIA CIN) 3.00
EFF AREA (IN2) 2.98
usc [ACTUAL ) 0.553
MAX TIP SPEED 464.
STAGES 1
GAMMA 1.39
PRESS RATIO (T/T) 1.02
PRESS RATID (T/S) 1.02
HORSEPOWER 2.
EXIT MACH NUMBER 0.07
SPECIFIC SPEED 110.80

SPECIFIC DIAMETER 0.78

® H2 TURBINE «

EFFICIENCY (T/T) 0.871
EFFICIENCY (T/S) 0.843
SPEED (RPM) 100000.
HORSEPOWER 3466.
MEAN DIA. (IN} 3.71
EFF AREA (IN2) 0.65
usc (ACTUAL ) 0.550
MAX TIP SPEED 1715.
STAGES 2
GAMMA 1.39
PRESS RATIO (T/T) 1.7%
PRESS RATIO (T/S) 1.79
EXIT MACH NUMBER 0.16
SPECIFIC SPEED 46.46

SPECIFIC DIAMETER 1.73

% 02 BOOST TURBIMNE =

EFFICIENCY (T/T) 0.882
EFFICIENCY (T/S) 0.819
SPEED (RPM) 7816.
MEAN DIA (IN) 8.22
“FF_AREA (IN2) 4.12
usc (ACTUAL Y 0.553
MAX TIP SPEED 300,
STAGES 1
GAMMA 1.39
PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.01
HOR SEPOWER S1.
EXIT MACH NUMBER 6.03
SPECIFIC SPEED 52.65

SPECIFIC DIAMETER 1.56

4 02 TURBINE =

EFFICIENCY (T/T) 0.853
EFFICIENCY (T/S) 0.827
SPEED (RPM)  43615.
HORSEPDMER 210.
MEAN DIA {IN) 3.721
EFF AREA (IN2) 0.58
vsc {ACTUAL ) 0.468
HAX TIP SPEED 756.
STAGES 2
GAMMA 1.39
PRESS RATIO (T/T) 1.15
PRESS RATIO (T/S) 1.18
EXIT MACH WHUMBER 0.07
SPECIFIC SPEED 63.45

SPECIFIC DIAMETER 1.57

AANANNABE AR,

& H2 BOOST PUMP n

EFFICIENCY 0.765
HORSEPOWER 96.
SPEED (RPM) 29253,
S SPEED 3044
HEAD (FT) 2705.
DIA. N 3.44
TIP SPEED 440,
VOL. FLOW 1523.
HEAD COEF 0.450
FLOW COEF 0.201

LTI T Y Y

" H2 PUMP n

LITTY T T T

STAGE OME STAGE TWO STAGE THREE

RENANEESEN  ANENEANNN
EFFICIENCY 0.729% 0.727
HORSEPOMER 2235, ¢l8.
SPEED (RPM) 100000. 100000.
SS SPEED 12796.
S SPEED 999, 1097.
HMEAD (FT) €0136. 33143.
DIA. (IN) 6.39 3.33
TIP SPEED 1917, 1455.
vOL. FLOW 1472. 726.
HEAD COEF 0.527 0.504
FLOW COEF 0.110
DIAMETER RATIO 0.395
BEARING DN 3.00E+06
SHAFT DIAMETER 30.00
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* 02 BOOST PUMP

EFFICIENCY 0.764
HORSEPOWER S1.
SPEED (RPM) 7816.
S SPEED 3026.
HEAD {FT) 2642.
DIA. (IN) 3.8%
TIP SPEED 132.
VOL. FLOW 564.
HEAD COEF 0.450
FLOR COEF 0.200

LELEEYTRLY T

= 02 PUMP

LT T T
EFFICIENCY 0.769
HORSEPOMER s10.
SPEED (RPM) ¢3615.
SS SPEED 20241.
S SPEED 1943,
HEAD (FT) 4300.
DIa. (IN) 2.97
TIP SPEED 565.
VOL. FLOW 560.
HEAD COEF 0.434
FLOW COEF 0.160
DIAMETER RATIO 0.686
BEARING DN 1.31E+06
SHAFT DIAMETER 30.00

SEsNARRERRN
0.726
614,
100000.

109s.
32916.
3.33
145S.
716.
0.501



TABLE 39. — DUAL-EXPANDER ENGINE — 7500 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1300.2
VAC ENGINE TMRUST 7500.
TOTAL ENGINE FLOW RATE 15.63
DEL. VAC. ISP “79.9
THROAT AREA 2.82
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 59.88
ENGINE MIXTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT DP 407.
CHAMBER COOLANT DT “39.
NOZZLE COOLANT DP 184.
NOZZLE COOQLANT DT 824.
CHAMBER Q (HYDROGEN COOLED) 3787.
NOZZLE Q (OXYGEN COOLED) 2435.

ENGINE STATION CONDITIONMS

# FUEL SYSTEM CONDITIONS =

STATION PRESS TEWP FLOMW ENTHALPY DERSITY
B.P. INLET 18.6¢ 37.¢4 2.24 -107.S &.37
B.P. EXIT ial.l 38.5 2.24 -10%.0 «.39
PUMP INLET 101.1 8.5 2.24 -103.0 “«.39
1ST STAGE EXIT 1732.7 65.0 2.24 8.6 &.32
PUMP EXIT 3311.8 8%.8 2.24 116.4 4.31
COOLANT INLET 3278.7 % 0.0 2.2¢ 116.4 .30
COOLANT EXIT 2871.6 529.5 2.24 1809.9 0.91

TBY INLEY 2842.9 529.6 .11 1809.9 0.90

TBV EXIT 1448.4 535.9 0.11 1809.9 0.48
H2 TRB IMNLET 2862.9 529.¢ 2.12 1809.9 0.%0
H2 TRB EXIT 1532.¢4 472.1 2.12 157%9.0 0.57
H2 TRB DIFFUSER 1499.¢ “72.2 2.12 1579.0 0.56
H2 BST TRB IN 1484.6 4712.2 2.12 1579.0 0.56
H2 BST TRB OUT 1463.1 «71.0 2.12 1576.2 0.5%
H2 BST TRB DIFF 1448.¢6 471.1 2.12 1574.2 0.54

H2 TANK PRESS 18.6 419.0 0.0037 1586.0 0.0073
FSOV IMLET 1as8 .4 476.2 2.23 1586.0 0.54
FSOV EXIT 1412.2 474.4 2.23 1586.0 0.53
CHAMBER INJ 1383.4 474.5 2.23 1586.0 0.52
CHAMBER 1300.3

W OXYGEN SYSTEM CONDITIONS =

STATION PRESS TEMP FLOK ENTHALPY DENSITY
B.P. INLET 16.0 162.7 13.¢ 61.1 71.17
B.P. EXIT 135.¢6 163.2 13.4 61.5 71.20
PUMP INLET 135.6 163.2 13.4 61.5 71.20
PUNP EXIT 4749.6 187.8 13.4 78.7 71.97
COOLANT INLET 4702.1 188.0 13.4 78.7 71.50
COOLANT EXIT 4518.5 711.9 13.4 260.2 17.66
OTBV INLET 4518.5 711.9 0.6 260.2 17.66
oTBV EXIT 2194.9 690.5 0.6 260.2 9.39
02 TRB INLET 4518.% 711.9 11.5 260.2 17.66
02 TRB EXIT 2397.7 615.6 11.5 260.1 11.77
02 TRB DIFFUSER 2194.9 612.3 11.% 240.1 10.87
02 BST TRB IN 4518.5 711.9 1.3 260.2 17.66
02 BST TRB OUT 4485.7 697.0 1.3 2%56.1 18.01
02 BST TRB DIFF 4484.3 697.0 1.3 256.1 18.00
OBTV INLET 4484.3 697.0 1.3 256.1 18.00
0BTV EXIT 2196.9 674.5 1.3 256.1 9.66
MIXER 2194.9 622.0 13.4 242.6 10.66

02 TANK PRESS 16.0 572.9 0.016 242.6 ¢.o8
OoCvV INET 2085.2 620.2 13.¢4 242.6 10.18
ocv EXIT 1459.6 608.7 13.4 242.% 7.29
CHAMBER INJ 1430.% 608.1 13.¢ 242.% 7.1%
CHAMBER 1300.3

# VALVE DATA =

VALVE DELTA P AREA FLOW X BYPASS
oTBY 2324. 0.01 0.60 5.00
TBY 1394. 0.01 0.11 $.00
Fsov 36. 0.74 2.23
oBTvY 2289. 0.01 1.3¢
ocv 626 . 0.25 13.39

* INJECTOR DATA %

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 98 . 0.51 2.23 i217.82
LOXx 145. 0.66 15.39 410.59
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TABLE 39. — DUAL-EXPANDER ENGINE — 7500 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

R AN NIRRT AN NN E RN NN R AR

% TURBOMACHINERY PERFORMANCE DaTa o

L Y T IR R

aamrusHa RN R RER ARy sesesenvannsanuasn
u H2 BOOST TURBINE = « rC BOOST PUMP =
EEsAcsdaR NN E AR, . Ksrsceunnnssmnnun
EFFICIENCY (T/T) 0.708 EFFICIOCY 0.76%
EFFICIENCY (T/S)  0.3¢8 HOR SEPORER 14.
SPEED (RPM)  75568. SPEED  (RPM) 75548
MEAN DIA (IN) 0.82 S SPEED 30643.
EFF AREA (IN2) 0.9%0 HEAD (FT) 2708.
usc (ACTUAL)  0.553 DIA. (IN) 1.33
MAX TIP SPEED 392. TIP SPEED 440,
STAGES 1 VOL. FioW 229.
GANMA 1.40 HEAD CEF 0.450
PRESS RATIO (T/T) 1.00 FLOW COEF 0.201
PRESS RATIO (T/S) 1.03
HORSEPOMER 14.
EXIT MACH MUMBER 0.12
SPECIFIC SPEED 143.69

SPECIFIC DIAMETER 0.52

NANRARREAANNNN sEmanNNEEnY
® H2 TURBINE = "2 PP =
EAANEERRENNARN sessumnansu
STAGE OME STAGE TWO
semaunnny LLTYIT YY)
EFFICIENCY (T/T7) 0.78) EFFICIENCY 0.623 0.628
EFFICIENCY (T1/S) 0.749 HORSEPOMER 353. 341
SPEED (RPH) 187500. SPEED (RPM) 187500. 187500.
HORSEPOMER 696, SS SPEED 9288.
MEAN DIA. C(IN) 2.22 S SPEED 805. 822.
EFF AREA (IN2) 0.12 HEAD (FT) $4135. $2690.
usc (ACTUAL) 0.535 DIA. [(IN} 2.24 2.26
MAX T1P SPEED 1890. TIP SPEED 1834. 1834.
STAGES 1 VOL. FLOM 232. 233,
GAMMA 1.40 HEAD COEF 0.518 0.504
PRESS RATIO (T/T) 1.86¢ FLOW COEF 0.097
PRESS RATIO (T/s) 1.91 DIAMETER RATIO 0.329
EXIT MACH NUMBER 0.18 BEARING DN £.80E+0¢
SPECIFIC SPEED 32.34 SHAFT DIAMETER 16.00

SPECIFIC DIAMETER 2.28

MANASAME AN AR R AR aBssusmmwmEEuRAEL

* 02 BOOST TURBINE » " T BOOST PUMP »

AN AR AN RENSINABERANRARUR
EFFICIENCY (T/T) 0.797 EFFICIECY 0.764
EFFICIENCY (T/S) 0.752 HORSEPTER 8.
SPEED (RPM) 20187. SPEED (RPM) 20187.
MEAN DIA (IN) 2.83 S SPEED 3026.
EFF AREA (IN2) 0.08 HEAD {FT) 262.
usc {ACTUAL ) 0.553 DIa. (IN) 1.49
MAX TIP SPEED 263, TIP SP=ED 132.
STAGES t VOL. RO B8S.
GAMMA 1.63 HEAD CIEF 0.450
PRESS RATIO (T/T) 1.01 FLOK CEF 0.200
PRESS RATIO (T/S) 1.01
HORSEPOMER 8.

EXIT MACH WUMBER 0.02
SPECIFIC SPEED %1.09

SPECIFIC DIAMETER 1.88

EaNABERANR R ssdcanuusns

® 02 TURBINE = s R PUMP =

sERNasARERRNNN meenunanann
EFFICIENCY (T/7) 0.811 EFFICICY 0.693
EFFICIEMCY (T/S) 0.697 HORSEPDER 326.
SPEED (RPH) 154919, SPEED {RPM) 154919,
HORSEPOMER 326. SS SPEXD 27838.
MEAN DIA (IN) 0.82 S SPEED 1502.
EFF AREA (IN2) 0.12 HEAD (FT) 9282.
usc (ACTUAL) 0.553 DIA. CIN) 1.22
MAX TIP SPEED 640. Tip SPEED 826.
STAGES 1 VOL. FiOM 84.
GAMMA 1.63 HEAD CXEF 0.438
PRESS RATIO (T/T} 1.88 FLOWM CEF 0.139
PRESS RATIO (T/S) 2.12 DIAMETER RATIOQ 0.669
EXIT MACH NUMBER 0.34 BEARING DN 1.55€+06
SPECIFIC SPEED 85.40 SHAFT JIAMETER 10.00

SPECIFIC DIAMETER 0.95



TABLE 40. — DUAL-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1140.¢
VAC ENGINE THRUST 15000.
TOTAL ENGINE FLOW RATE 31.26
DEL. VAC. ISP “79.9
THROAT AREA .41
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 90.37
ENGINE MIXTURE RATIO 6.00
ETA Ce 0.993
CHAMBER COOLANT DP 368.
CHAMBER COOLANT DT 356.
NOZZLE COOUANT DP 203.
WOZZLE COOLANT DT 404.
CHAMBER Q (HYDROGEN COOLED} €150.
NOZZLE Q (OXYGEN COOLED) 39846,

ENGINE STATION COMDITIONS

® FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INET 18.6 37.4 %.67 -107.5 «.37
B.P. EXIT 100.8 8.5 .47 ~103.0 4.39
PUMP TWMLET 100.8 38.5 %.47 ~103.0 €.39
1ST STAGE EXIT 1374.1 55.4 4.47 -26.5 %.45
PUMP EXIT 2646.2 71.6 &£.47 €9.2 %.50
COOLANT INLET 2619.7 71.9 4.67 €9.2 %.49
COOLANT EXIT 2252.2 4<28.0 4.47 1623.6 0.89

TBY INMLET 2229.7 “28.1 6.22 1623.6 0.88

TBV EXIT 1270.6 ¢31.0 0.22 16423.6 0.52
H2 TRB INET 2229.7 428.1 %.25 1623.6 0.88
H2 TRB EXIT 1353.4 389.1 €.25 1263.4 0.61
H2 TRB DIFFUSER 1319.9 389.2 £.25 1263.4 0.60
H2 BST TRB IN 1306.7 389.2 6.2% 1263.4 0.60
H2 BST TRB OUT 1284.9 388.1 4.2% 12%8.6 0.5%
H2 BST TRB DIFF 1270.6 388.1 .25 12%8.6 0.58

H2 TAMK PRESS 18.6 392.3 0.0092 1266.9 0.0089
FSOV INLET 1270.6 3%0.2 4.67 1266.9 0.58
FSOQV EXIT 1238.8 3%0.3 4.67 1266.9 0.56
CHAMBER INJ 1213.¢6 390.3 6.67 126¢.9 0.5%
CHAMBER 1140.6

= OXYGEN SYSTEM CONDITIONS =

STATION PRESS TEP Lo ENTHALPY DENSITY
B.P. TMLET 16.0 162.7 26.8 61.1 71.17
B.P. EXIT 135.6 163.2 2¢.8 €1.5 71.20
PUMP INLET 135.6 163.2 26.8 61.5 71.20
PUMP EXIT “682.5 185.7 26.8 7.7 71.82
COOLANT INLET 4635.7 185.9 26.8 7.7 71.75
COOLANT EXIT 4633.1 590.2 26.8 226.3 21.9
OTBV IMLEY 4633.1 590.2 1.2 226¢.3 21.91
oTBV EXIT 1925.5 554.6 1.2 226.3 10.8%
02 TR8 INLET “633.1 590.2 22.9 226.3 21.9
02 TRB EXIT 2131.5 “91.8 22.9 207.3 14.3%
02 TRB DIFFUSER 1925.5 “86.6 22.9 207.3 15.12
02 BST TRB IN 4435.1 590.2 2.7 226.3 21.91
02 BST TRB OUT 4394.8 576.2 2.7 222.2 22.45
02 BST TRB DIFF €393.2 576.2 2.7 222.2 22.44
OBTV INMLEY 4393.2 576.2 2.7 222.2 22.64%6
OBTVY EXIT 1925.5 539.7 2.7 222.2 11.26
HIXER 1925.5 “96.9 26.8 20%.6 12.76

02 TANK PRESS 16.0 €22.3 0.0453 209.¢6 0.11
ocV INET 1829.3 492.3 26.8 209.4 12.19
ocv &X17 1280.5 476.2 26.8 209.¢ 8.7?
CHAMBER INJ 1255.0 «715.3 26.8 209.¢ 8.60
CHAMBER 1140.6

* VALVE DATA «
VALVE DELTA P AREA FLOM X BYPASS
[18:4 2508. 0.01 1.2t 5.00
T8V 959. 0.01 0.22 S.e0
Fsov 32. 1.54 6.47
0BTV 2468. 0.02 2.68
ocv 549, 0.49 26.79
« INJECTOR DATA =

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 86. 1.06 4.47 1100.17
Lox 127. 1.28 26.79 350.97
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DUAL-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

TABLE 40. —

LR R P P R R T
* TURBOMACHINERY PERFORMANCE DATA »

AN N AN AN RN E AN AR A ANA NN R REY

ERMuEsaNgnRANERRN
® M2 BOOST PUMP «

® HZ BOOST TURBINE «

EFFICIENCY (T/T)  0.742 EFFICIENCY 0.765
EFFICIENCY (T/S}  0.394 HOR SEP OWER 29.
SPEED (RPM) 53348, SPEED  (RPM) 53348,
MEAN DIA (N 1.16 S SPEED 3045.
€FF AREA (IN2) 1.73 MEAD (FT) 2702.
usc (aCTUAL)  0.553 DlA. (1N} 1.89
MAX TIP SPEED 389. TIP SPEED 439,
STAGES 1 VOL. FLOW 4S8,
caA 1.38 HEAD COEF 0.450
PRESS RATIO (T/T) 1.02 FLOW COEF 0.201
PRESS RATIO (T/S) 1.03
HORSEPOMER 29.
EXIT MACH NUMBER 0.13
SPECIFIC SPEED 146.46
SPECIFIC DIAMETER 0.52

ARANEsSERERENNN EEEARRN -u

® H2 TIRBINE = " H2 PUMP =

HENANSGEEE NN ANEAENNNNEN

STAGE ONE STAGE TwO
EAREIETE ] EENENNNNY

EFFICIENCY (T/T)  0.815 EFFICIENCY 0.695 0.69%
EFFICIENCY (T/S)  0.767 HORSEPOHER <8s. 479
SPEED (RPM) 136363, SPEED (RPM} 136363, 136363.
HORSEPOMER 9646 SS SPEED 9571,
MEAN DIA. 31 2.63 S SPEED 999, 1001.
EFF AREA an2) 0.29 HEAD (FT3 41375, 40897,
usc (ACTUAL)  0.553 DIA.  (IN) 2.7% 2.71
MAX TIP SPEED 1653, T1P SPEED 1612, 1612.
STAGES 1 VOL. FLOW 452. 4c6.
GAMMA 1.38 HEAD COEF 0.512 0.506
PRESS RATID (T/T) 1.65 FLOW COEF 0.110
PRESS RATID (T/S) 1.70 DIAMETER RATIO 0.381
EXIT MACH MUMBER 8.20 BEARING DN 3.00€+06
SPECIFIC SPEED 43.19 SHAFT DIAMETER 22.00

SPECIFIC DIMETER 1.81

®n 02 BOOST TURBINE »

® 02 BOOST PUMP «

EFFICIENCY (T/T)  0.808 EFFICIENCY 0.764
EFFICIENCY (T/S)  0.765 HORSEPOWER 15.
SPEED (RPM)  14271. SPEED  (RPM) 1427},
MEAN DIA (IN) 4.01 S SPEED 3026.
IFF-ARESA  UIN2) 0.14 HEAD (FT) 242.
usc (ACTUAL)  0.553 DIa. CIN) 2.1
MAX TIP SPEED 261, TIP SPEED 132.
STAGES 1 VOL. FLOW 169.
GAA 1.78 HEAD COEF 0.450
PRESS RATIO (V/T) 1.01 FLOW COEF 0.200
PRESS RATIO (T/S) 1.01
HORSEPOMER 15.
EXIT MACH NUMBER 6.02
SPECIFIC SPEED 38.28
SPECIFIC DIAMETER 2.02

LA LIRS SR Y] FENNAOREREN

® 02 TWRBINE = « 02 PUMP &

LR RN Y ) ANEARENE NN
EFFICIENCY (T/T)  0.829 EFFICIENCY 0.720
EFFICIENCY (T/S)  0.718 HORSEPOWER 618,
SPEED (RPM) 107653, SPEED  (RPM) 107453.
HORSEPOHER é18. SS SPEED 27313,
MEAN DI1A 1) 1.15 S SPEED 1492.
EFF AREA (IN2) 0.21 HEAD (FT) 9114,
usc (ACTUAL)  0.553 DlA. (IN) 1.72
MAX TIP SPEED 619. T1P SPEED 807.
STAGES 1 VOL. FLOM 168.
GAMMA 1.78 HEAD COEF 0.450
PRESS RATIO (T/T) 2.08 FLOW COEF 0.138
PRESS RATIO (T/S) 2.39 DIAMETER RATIO 0.671
EXIT MACH MUMBER 0.35 BEARING DN 1.50E+06
SPECIFIC SPEED 83.84 SHAFT DIAMETER 14.00

SPECIFIC DIAMETER 6.98



TABLE 41. — DUAL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1108.7
VAC ENGINE THRUST 25000.
TOTAL ENGINE FLOMW RATE 52.10
DEL. VAC. 1SP %79.9
THROAT AREA 11.00
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 118,33
ENGINE MIXTURE RATIO 6.00
ETA Co 0.993
CHAMBER COOUANT DP 308.
CHAMBER COOLANT DT 317.
NOZZLE COOLANT DP 222.
NOZZLE COOLANT DT 351.
CHAMBER Q (HYDROGEN COOLED) 9095.
NOZZLE Q (OXYGEN COOLED) 5893.

ENGIME STATION CONDITIONS

= FUEL SYSTEM CONDITIONS &

STATION PRESS TENP FLOM ENTHALPY DENSITY
B.P. INLET 18.6 37.4 7.46 -107.% «.37
B.P. EXIT 100.5 8.5 7.4% -103.0 4.39
PUMP TNLET 100.5 38.5 7.46 ~-103.0 4.39
IST STAGE EXIT 1234.6 51.8 7.%6 -39.5 .50
PUMP EXIT 2386.6 64.6 7.46 2.9 %.59%
COOLANT INLET 2362.7 .8 7.46 23.9 6.57
COOLANT EXIT 2055.1 382.3 7.46 1243.2 0.91

TBV INLET 2034.6 382.46 0.37 1243.2 0.%1

TBV EXIT 1235.1 386.2 0.37 12645.2 0.57
H2 TRB INLET 2036.6 382.4 7.09 1243.2 0.9}
H2 TRB EXIT 1321.4 350.2 7.09 110%.6 0.67
H2 TRB DIFFUSER 1282.5 350.2 7.09% 1109.6 0.65
H2 BST TRB IN 1269.4 550.2 7.09 1109.6 0.65
H2 BST TRB OUT 1248.5 349.1 7.09 1104.8 0.63
H2 BST TRB DIFF 1235.1 869.1 7.09 1104.8 0.63

H2 TANK PRESS 18.4 351.6 0.017}) 1.7 0.0100
FSOV INLET 1235.1 350.8 7.44 1111.7 0.62
FsSov EXIT 1204.2 350.9 7.44 1111.7 0.61
CHAMBER 1NJ 1179.7 350.9 7.64 111.7 0.60
CHAMBER 1108.7

= OXYGEN SYSTEM CONDITIONS &

STATION PRESS TEMNP FLOK ENTHALPY DENSITY
B.P. IMLET 16.0 162.7 46,7 61.1 7117
B8.P. EXIT 135.6 163.2 467 $1.5 71.20
PUMP INLET 135.6 163.2 46.7 61.5 71.20
PUMP EXIT <8%9.1 185.% 4467 7.9 71.99
COOLANT ITMLET 4810.5 185.7 “6.7 77.9 71.92
COOLANT EXIT 4589.0 £37.0 “6.7 20%9.7 25.58
OTBV INET 4589.0 537.0 2.0 209.7 25.58
OTBV EXIT 1871.0 493.6 2.0 209.7 12.43
02 TRB INLET %589.0 $37.0 38.5% 209.7 25.58
02 TRB EXIT 2078.1 “«36.8 38.3 190.4 17.06
02 TRB DIFFUSER 1871.0 430.5 8.3 190.4 15.62
02 BST TRB IN 4589.0 537.40 4.5 209.7 25.58
02 BSYT TRB OuT 4547.3 £23.7 .5 205.6¢ 26.36
02 8ST TRB DIFF 4545.7 523.7 4.5 205.6 26.53
OBTV INLET 4545.7 523.7 4.5 205.6 26.33
0BTV EXIT 1871.0 479.4 6.5 205.6 15.05
MIXER 1871.0 437.7 44.7 192.8 15,15

02 TANK PRESS 16.0 345.2 q.087 192.8 0.14
OCV INLET 1727.5 434.7 “6.7 192.8 14.49%
ocv EXIT 1244.2 615.1 “6.7 152.8 10.50
CHAMBER INJ 1219.5 “16.0 44.7 192.8 10.31
CHAMBER 1108.7

" VALVE DATA =

VALVE DELTA P AREA FLOM x BYPASS
oT8v 27:18. 0.02 2.01 5.00
BV 799. Q.03 0.37 5.00
FSOV 3). 2.%0 7.44
oBTY 267S. 0.06 4.47
ocv 533. 0.76 44666

& INJECTOR DATA w

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 84. 1.22 7.64 1043.94
LOX 123. 1.98 44.66 315.%5
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TABLE 41. — DUAL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

L T P T P I IT I
* TURBOMACHINERY PERFORMANCE DATA «
LR R R Ty P Y i I
FRAARE RN AN,
* H2 BOOST PUMP «

LR L Ty YT T

AEsNmenNdsNNenRuRN.

® H2 BOOST TURBINE =

EFFICIENCY (T/T)  0.821 EFFICIENCY 0.766
EFFICIENCY [T/S)  0.443 HORSEPOHER <8,
SPEED (RPH)  41232. SPEED  (RPM) 41232,
MEAN DIA CIN) 1.46 S SPEED 3049,
EFF AREA (IN2) 2.82 HEAD (FT) 2690.
usc (ACTUAL)  0.537 Dla. (s 2.44
MAX TIP SPEED 376. TIP SPEED 439,
STAGES i VOL. FLOMW 763.
GAMMA 1.36 HEAD COEF 0.450
PRESS RATIO (T/T) 1.02 FLOW COEF 0.201
PRESS RATIO (T/S) 1.03

HORSEPOWER 8.

EXIT MACH NUMBER 0.13

SPECIFIC SPEED 150.00

SPECIFIC DIAMETER 0.52

RANNANREANENNN AR AR N

" H2 TURBIMNE = " H2 PUMP

LA ISR YT Y] HNERAEER R

STAGE OME STAGE TWO
RNMEAFEARENE SAUNARNENN
EFFICIENCY (T/T} 0.870 EFFICIENCY 0.740 0.739
EFFICIENCY (T/S)  0.800 HORSEPOWER §70. 670.
SPEED (RPH) 125000. SPEED (RPM) 125000. 125000.
HORSEPOHER 1340. SS SPEED 11366.
MEAN DIA. CIN) 2.62 S SPEED 1290. 1279.
€EFF AREA (IN2) 0.51 HEAD (FT) 36570. 36487.
usc (ACTUAL}  0.553 DIA.  (IN) 2.85 2.85
MAX TIP SPEED 1569, TIP SPEED 1556. 1555,
STAGES 1 VOL. FLOW 744, 730.
GAMMA 1.36 HEAD COEF 0.486 0.485
PRESS RATIO (T/T) 1.54 FLOW COEF 0.128
PRESS RATIO (T/S) 1.60 DIAMETER RATIO 0.442
EXIT MACH NUMBER 0.23 BEARING DN 2.00E+06
SPECIFIC SPEED 58.33 SHAFT DIAMETER 24.00
SPECIFIC DIAMETER 1.41

PO saNMNERCa BN NENE

= 02 BOOST TURBINE « « 02 BOOST PUMP &

R T T I T T
EFFICIENCY (T/T)  0.844 EFFICIENCY 0.764
EFFICIENCY (T/S}  0.802 HORSEPOWER 26.
SPEED (RPM}  11052. SPEED  (RPM) 11082,

MEAN DIA (IN) 517 S SPEED 302%.
EFF AREA (IN2) 6.21 HEAD (FT) 2¢2.
wce [ACTUALY  0.553 Dia. (IN) 2.72
MAX TIP SPLED 260. TIP SPEED 132,
STAGES 1 VOL. FLOW 282.
GAMMA 1.91 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOW COEF 0.200
PRESS RATIO (1/5) 1.01
HORSEPOWER 26.
EXIT MACH NUMBER 0.02
SPECIFIC SPEED 37.16
SPECIFIC DIAMETER 2.13

T T

« 02 TURBINE = * 02 PUMP

TP r Anwmnnnannn

EFFICIENCY (T/T) 0.877 EFFICIENCY 0.73¢
EFFICIENCY (T/S)  0.767 HORSEPOMER 1044
SPEED (RPM) 83640, SPEED  (RPM) 83640.
HORSEPOWER 1044, SS SPEED 27451,
MEAN DIA CIN} 1.49 S SPEED 1458,
EFF AREA (IN2) 0.31 HEAD (FT) 9645,
usc (ACTUAL)  0.553 Dla. CIN} 2.22
MAX TIP SPEED 617. TIP SPEED 812.
STAGES 1 VOL. FLOW 279.
GAMMA 1.91 HEAD COEF D.461
PRESS RATIO (T/T) 2.21 FLOW COEF 0.137
PRESS RATIO (T/S) 2.55 DIAMETER RATIO 0.670
EXIT MACH NUMBER 0.3 BEARING DN 1.51€+06
SPECIFIC SPEED 81.81 SHAFT DIAMETER 18.00
SPECIFIC DIAMETER 1.03
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TABLE 42. — DUAL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

NN AC AR R AR NN TN N AR AR

CHAMBER PRESSURE 1049.9
VAC ENGINE THRUST 37500,
TOTAL ENGINE FLOW RATE 78.15
DEL. vaC. ISP 479.8
THROAY AREA 17.41
NOZZLE AREA RATIO 1000.90
NOZZLE EXIT DIAMETER 148.89
ENGINE MIXTURE RATIO 6.00
ETA Ce= 0.993
CHAMBER COOLANT DP 263.
CHAMBER COOLANTY DT 294.
MOZZLE COOLANT DP 233.
NOZZLE COOLANT DT 315.
CHAMBER Q (HYDROGEN CDOLED) 12600.
NOZZLE Q (OXYGEN COOLED) 8113,

ENGINE STATION CONDITIONS

® FUEL SYSTEM CONDITIONS «

STATION PRESS TEMP FLOM ENTHALPY DENSITY
B.P. INLET 18.6 37.4 11.19 -107.% 4.37
B.P. EXIY 100.4 38.5 11.19 -105.0 6.39
PUMP TNLET 100.4 38.5 11.19 -103.0 4.39
1ST STAGE EXIT 1134.6 9.9 11.1% -66.7 «.51
PUMP EX1IT 2192.1 61.1 11.19 .8 4.61
COOLANT INLET 2170.2 61.3 13.19 ’.8 4.59%
COOLANT EXIT 1%07.1 355.7 11.19 1135.6 0.92
TBVY INMLET 1888.1 355.7 0.56 1135.6 0.9
TBV EXIT 1169.7 356.9 0.56 1135.6 0.58
2 TRB INLET 1888.1 355.7 10.63 1135.6 0.9
HZz TRB EXIT 1257.3 327.) 10.463 1016.9 0.68
2 TRB DIFFUSER 1216.1 327.1 10.63 1016.9 0.66
2 BST TRB IN 1204.0 327.1 10.63 1016.9 0.66
H2 BST TRB OUT 1182.9 325.9 10.63 1042.1) 0.64
H2 BST TRB DIFF 1169.7 325.9 10.63 1012.1 0.63
H2 TANK PRESS 18.6 327.4 0.0274 1018.3 0.0107
FSOV INET 1169.7 3271.5 11.16 1018.3 0.63
FSOV EXIT 1140.5 3271.5 11.16 1018.3 0.62
CHAMBER INJ 117.2 327.5 11.16 1018.3 0.61
CHAMBER 104%.9
= OXYGEN SYSTEM CONDITIONS =
STATION PRESS TEWP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 7.1 1.1 71.17
B.P. BXIT 135.6 168.2 7.1 €1.5 71.20
PUMNP INLET 135.6 168.2 $7.1 61.5 71.28
PP EXIT 4716.1 186.0 67.1 77.1 72.09%
COOLANT ITHLET 4668.9 184.2 €7.1 77.1 72.02
COOLANT EXIT 4636.3 499.1 67.1 198.0 27.64
OBV IMLET 4436.3 «9.1 3.0 198.0 27.64
OTBV EXIT 1772.4 450.8 3.0 198.0 13.58
02 TRB INLET €436.3 <991 57.4 198.0 27.64
02 TRB EXIT 1976.3 4£04.5 57.6 129.¢ 18.9%4
02 TRB DIFFUSER 17712.4 397.6 §7.4 179.6 17.5%
02 BST TRB IN “436.3 699.1 6.7 198.0 27.64
02 BST TRB OUT 4393.3% 484.7 6.7 193.9 28.43
02 BST TRB DIFF  439%1.6 4B¢.7 6.7 193.9 28.43
0BTV INLET %391.6 “86.7 6.7 193.9 28.43
OBTV EXIT 1772.4 438.1 6.7 193.9 14.24
MIXER 1772.4 “«03.6 €7.0 181.9 16.79
02 TANK PRESS 16.0 295.6 0.153 181.% 0.16
oCV INLET 1483.8 400.4 67.0 181.9 16.08
ocv EXIT 1178.7 378.7 67.0 181.9 n.rn
CHAMBER IMJ 1155.2 3577.5 67.0 181.¢ 11.51
CHAMBER 1049.9

n VALVE DATA =

VALVE DELTA P AREA FLOW X BYPASS
arsv 2664 . 0.02 3.02 5.00
™Y 718. 0.04 0.56 5.00
FsSovV 29. 3.82 11.16
08TV 2619. 0.05 6.71
ocv 505. 1.11 66.99

« INJECTOR DATA «

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 79. 2.63 11.16 100%.01
LOX 117. 2.88 66.99 291.12
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TABLE 42. — DUAL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

* TURBOMACHINERY PERFORMANCE DATA =

T I e
" H2 BOOST TURBINE « » H2 BOOST PUMP =
FTTTYITII I [ T

EFFICIENCY (T/T)  0.837 EFFICIENCY 0.766

EFFICIENCY (T/S)  0.6454 HORSEPOWER 7.

SPEED (RPM) 33653, SPEED  (RPM} 53653,

MEAN DIA (IN) 1.76¢ S SPEED 3049.

EFF AREA (IN2) 6.21 HEAD (FT) 2688.

usc (ACTUAL)  0.531 DIA. CIN) 2.98

MAX TIP SPEED 372. TIP SPEED 438,

STAGES A vOL. FLOW 1144.

GAMMA 1.40 HEAD COEF 0.450

PRESS RATIO (T/T) 1.02 FLOW COEF 0.201

PRESS RATIO (T/S) 1.03

HORSEPOWER 71,

EXIT MACH NUMBER 0.13

SPECIFIC SPEED 150.00

SPECIFIC DIAMETER 0.52

* H2 TURBINE » * H2 PUMP
ARARERNNTAN NN RN RAANEREN
STAGE ONE STAGE TWO
LEIEREER]Y HRURANBEAESR

EFFICIENCY (T/T)  0.883 EFFICIENCY 0.760 0.759
EFFICIENCY (T/S)  0.801 HORSEPOMER 891. 895,
SPEED (RPH) 107143, SPEED (RPM) 107143, 107143,
HORSEPOWER 1786. SS SPEED 11938,
MEAN DIA. (iN) 2.88 $ SPEED 1481. 1433.
EFF AREA (e} 0.79 HEAD (FT) 33288. 33366.
usc (ACTUAL)  0.553 DIA. (IN) 3.22 3.22
MAX TIP SPEED 1481. TIP SPEED 1506. 1506.
STAGES 1 vOL. FLOW 1114, 1090.
GAMMA 1.40 HEAD COEF 0.472 0.473
PRESS RATIO (T/T) 1.50 FLOW COEF 0.136¢
PRESS RATIO (T/5) 1.57 DIAMETER RATIO 0.472
EXIT MACH NUMBER 6.24 BEARING DN 3.00€+06
SPECIFIC SPEED 66.16 SHAFT DIAMETER 28.00
SPECIFIC DIAMETER 1.26

A ANKAE A A RE AR RN YT I

* 02 BOOST TURBINE = 02 BOOST PUMP =

(EERER R ER RN ZZY ] AL ERRNRES S )}
EFFICIENCY (T/T)  ©.851 EFFICIENCY 0.764
EFFICIENCY (T/S)  0.809 HORSEP OWER 39.
SPEED (RPHM) 9022, SPEED  (RPM) 9022.
MEAN DIA 313 6.34 S SPEED 3026.
EFF AREA (n2) 0.30 HEAD (FT) 242.
usc (ACTUAL)  0.553 DIA. (N 3.3¢4
MAX TIP SPEED 260. TIP SPEED 132.
STAGES 1 VOL. FLOW 423.
GAMMA 1.97 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOM COEF 0.200
PRESS RATIO (T/3S) 1.01
HORSEP OWER 39.
EXIT MACH NUMBER 0.02
SPECIFIC SPEED 36.68
SPECIFIC DIAMETER 2.16

TP PTTLII I

» 02 TURBINE = " 02 PUMP =

LSRR RZERR] | LEEEESZSEZE ]
EFFICIENCY (T/T)  0.887 EFFICIENCY 0.750
EFFICIENCY (T/S)  ©0.776 HORSEPOWER 1488.
SPEED (RPM) 67087. SPEED  (RPM) 67087.
HORSEPOWER 1488. SS SPEED 26973.
MEAN DIA (IN) 1.81 S SPEED 1467.
€FF AREA (IN2) 0.46 HEAD (FT) 9146,
usc (ACTUAL)  0.553 DIA. () 2.72
MAX TIP SPEED 602. TIP SPEED 796.
STAGES 1 vOL. FLOW 418,
GAMMA 1.97 HEAD COEF 0.465
PRESS RATIO (T/T) 2.24 FLOM COEF 0.137
PRESS RATIO (T/3) 2.60 DIAMETER RATIO 0.672
EXIT MACH NUMBER 0.36 BEARING DN 1.48E+06
SPECIFIC SPEED 82.37 SHAFT DIAMETER 22.00
SPECIFIC DIAMETER 1.03
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TABLE 43. — DUAL-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMAMCE PIRMYERS

AN AN N ER AN ARG AR RN RN AR

CHAMBER PRESSURE 1022.1
VAC ENGIMNE THRUST $0000.
TOTAL ENGINE FLOW RATE 106.20
DEL. VAC. IsP 479.8
THROAYT AREA 23.84
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 174.23
ENGINE MIXTURE RATIO 6.00
€TA C» 0.993
CHAMBER CODLANT DP 226.
CHAMBER COOLANT DT 278.
NOZZLE COOLANT DP 235.
NOZZLE COOLANT DY 295.
CHAMBER Q (HYDROGEN COOLED) 15803.
NOZZLE Q (OXYGEN COOLED) 10262.

ENMGINE STATION CONDITIONS

® FUEL SYSTEW CONDITIONS =

STATION PRESS TEw FLOM ENTHALPY DENSITY
B.P. IMLET 18.6 37.4 16.92 -107.5 4.37
B.P. EXIT 100.8 8.5 164.92 -103.0 4€.1%
PUMP INLET 100.8 38.5 16.92 -l03.0 4.29
1ST STAGE EXIT 1081 .6 %%.0 164.92 -50.4 4.52
PUMP EXIT 2088.7 59.3 164.92 2.5 ‘.62
COOLANT INLET 2067.8 59.% 14.92 2.5 4.60
COOLANT EXIT 1842.0 337.4 14.92 1061.3 0.2
TBY INLET 1823.46 337.% 0.7% 1061.3 0.%3
TBV EXIT 1138.6 338.3 0.75 1061.3 0.2
H2 TRB INLETY 1823.6 337.% 14.18 1061.3 0.%3
H2 TRB EXIT 1230.1 310.7 14.18 950.3 a.ie
H2 TRB DIFFUSER 1184.7 310.7 14.18 950.3 0.47
H2 BST TRB IN 1172.9 310.7 14.18 950.3 0.47
H2 BSY TRB OUT 1151.7 309.6 14.18 945.%5 0.ed
H2 BSY TRB DIFF 1138.6 309.¢ 14.18 945.5 0.e5
H2 TANK PRESS 18.6 310.2 0.0386 951.3 0.0113
FSOV INLET 1138.6 311.0 14.89 951.3 0.e5
FSOV EXIT 1110.1 311.0 14.08% 951.3 0.¢3
CHRAMBER INJ 1087.5 311.0 14.89 951.3 0.62
CHAMBER 1022.1
® OXYGEN SYSTEM CONDITIONS «
STATION PRESS TOw FLos ENTHALPY DENSITY
B.P. INLET 16.0 162.7 89.5 él.1 71.17
B.P. EXIT 135.6 163.2 89.5 61.5 71.2¢
PUMP [NLET 135.6 163.2 89%.5 61.5 71.78
PUMP EXIT 4632.1 183.1 89.5 76.6 72.15
COOLANT INLET 4585.8 183.3 89.5 76.6 72.08
IoX T CRIT %351.1 478.5 89.5 191.2 2B.%
OTBV [MLET 4351.1 478.5% 4.0 191.2 28.%%
OTBVY EXIT 1725.0 “«2B.3 6.0 191.2 16.43
02 TRB INLET 4351.1 «78.5 76.6 191.2 28.%5
02 TRB EXIT 1926.5 3187.% 76.4 173.5 20.17
02 TRB DIFFUSER 1725.0 380.4 76.6 173.% 18.v8
02 BST TRB IN 4351.1% “78.5 9.0 191.2 28.%
02 BST TRB OUT 4%307.¢ 466.2 9.0 187.2 29.87
02 BST TRB DIFF «305.7 466.2 9.0 187.2 29.8¢
OBTV INLET %305.7 466.2 9.0 187.2 29.8s
OBTV EXIT 1725.0 “16.2 9.0 187.2 15.21
M XER 1725.0 385.3 a9.3 175.7 18. 14
02 TANK PRESS 16.0 267.1 0.227 175.7 0.:8
OCcv INLET 1638.7 3821 89.3 175.7 17.13
oCv EXIT 1147.1 359.2 89.3 175.7 12.99
CHAMBER INJ 1124.3 358.0 89%.3 175.7 12.48
CHAMBER 1022.1

4 VALVE DATA =

VALVE DELYA P AREA FLOW X BYPASS
oTBY 2626. 0.03 4.03 5.00
TBV 685, 0.0¢ 0.7 5.00
Fsov 28. 5.10 14.89
0BTV 2581. 0.07 B.%
ocv “92., 1,45 89.32

®» INJECTOR DATA =

INJECTOR DELTA P AREA FLOW VELOCITY
FuEL 7. 3.51 16.89 982.19
LOX 14, 3.75 89.32 275.70
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DUAL-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

TABLE 43. —

RN N LA AR NN N AN RN N NN NN R AR RN
* TURBOMACHINERY PERFORMANCE DATA n

LYYT] AN R R AN NS I E A AN NAER AN RN

1 H2 BOOST PP =

« H2 BOOST TURBINE =

EFFICIENCY (T/T}) 0.85% EFFICIENCY 0.765
EFFICIENCY (T/S) 0.4¢8 HOR SEP OWER % .
SPLED (RPM)  29219. SPELD (RPN 2%210.
MEAN DIA (1IN) 2.e2 S SPEED 3045,
EFF AREA (182) 5.52 HEAD (FT) 2701.
usc (ACTUAL) 0.527 DIla. {IR) 3.45
MAX TIP SPEED 369. TIP SPEED 439,
STAGES 1 VOL. FLOW 152¢.
cAr 1.36 HEAD CDEF 0.458
PRESS RATIO (T/T) 1.02 FLOW COEF 0.281
PRESS RATIO (T/5) 1.03

HOR SEPOHER 9%

EXIT MACH NUMBER 0.14

SPECIFIC SPEED 150.00
SPECIFIC DIAMETER 0.53

SdEBAREFEARNEEN ANsss

« H2 TURBINE = H PP

AERAEGEARESNNE NESERARANEAS

STAGE OME STAGE TWO
[ EEEXITIL] P Ez 2z 111

EFFICIENCY (T/T)  0.893 EFFICIENCY 0.772 0.771
EFFICIENCY (T/S)  0.797 HORSEPOMER i1o. 7.
SPEED (RPM) 100008. SPEED (RPM) 100000, 100008.
HORSEPOWER 2226. SS SPEED 12819.
MEAN DIA. (IN) 2.99 S SPEED 1627. 1603,
EFF AREA (In2) 1.08 HEAD (FT) 31545, 31720,
usc (ACTUAL)  0.553 DIA.  (IN) 362 3.42
MAX TIP SPEED 1454 TIP SPEED 1495, 1495,
STAGES 1 VOL. FLOW 1483, 1451,
[FE 1.36 HEAD COEF 0.454 0.457
PRESS RATIO (T/7) 1.48 FLOW COEF 0.145
PRESS RATIO (7/3) 1.5% DIAMETER RATIO 0.507
EXIT MACH NUMBER 0.2¢ BEARING DN 3.00E+06
SPECIFIC SPEED 74.15 SHAFT DIAMETER 30.00
SPECIFIC DIAMETER 1.14

T (-

* 02 BOOST TURBINE = « 02 BOOST PP =

NN R R AR REE LT Ty
EFFICIENCY (T/Y)  0.8S57 EFFICIENCY 0.764
EFFICIENCY (T/S)  0.81% HORSEP OMER s2.
SPEED (RPM) 7812 SPEED  (RPM) 7812.
MEAN D1A (IN) 7.32 S SPEED 3026.
EFF AREA (12) 0.3 HEAD (FT) 242.
wc (ACTUAL)  0.563 Dia. [$TH) 385
MAX TIP SPEED 260. TIP SPEED 132.
STAGES 1 VOL. FLOW 564,
CArA 2.01 HEAD COEF 0.450
PRESS RATIO (T/T) 1.0 FLOM COEF 0.200
PRESS RATIO (T/S) 1.01
HORSEPOMER 52.
EXIT MACH WUMBER 0.02
SPECIFIC SPEED 36.46
SPECIFIC DIAMETER 2.18

PTTITII PPTTITII

s 02 TURBINE « 02 PUMP =

ddgzRRNaRENANN AERNRENANES
EFFICIEMCY (T/T)  0.895 EFFICIENCY 0.759
EFFICIENCY (T/S)  0.783 HORSEPOWER 1923.
SPEED (RPHM) 57463, SPEED  (RPM) 57463
HORSEPOWER 1923. SS SPEED 26681,
MEAN DIA (IN) 2.08 S SPEED 1471.
EFF AREA -3 0.¢1 HEAD (FT) 8971.
usc (ACTUAL)  0.553 DIA. (N .13
MAX TIP SPEED 592. TIP SPEED res.
STAGES 1 vOL. FLOW s§7.
[0 2.0l HEAD COEF 0.468
PRESS RATIO (T/T) 2.26 FLOK COEF 0.137
PRESS RATIO (T/S) 2.62 DIAMETER RATIO 0.672
EXIT MACH NUMBER 0.5 BEARING DM 1.49E86
SPECIFIC SPEED 82.68 SHAFT DIAMETER 26.00

SPECIFIC DIAMETER 1.03
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TABLE 44. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 7500 LBF THRUST (COPPER GROOVED CHAMBER)

ENGINE PERFORMANCE PARAME TERS

CHAMBER PRESSURE 1906.0
VAC ENGINE THRUST 7500.
TOTAL ENGINE FLOW RATE 15.62
DEL. VAC, ISP 480.1
THROAT AREA 1.93
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 49.52
ENGINE MIXTURE RATIO 6.00
ETA Cn 0.993
CHAMBER COOLANT DP 1302.
CHAMBER COOLANTY DT 767,
NOZZLE/CHAMBER Q 5996.

ENGINE STATION CONDITIONS

n FUEL SYSTEM CONDITIONS

STATION PRESS TEMNP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 2.23 -107.5 4.37
B.P. EXIT 100.4 8.5 2.2 ~-103.0 %.39
PUMP INLET 100.4 38.5 2.23 -103.0 6.39
1ST STAGE EXIT 2168.6 77.3 2.23 54.2 4.16
2ND STAGE EXIT 4119.0 112.8 2.23 202.8 4.13
PUMP EXIT 5994.5 146.5 2.23 344.0 6.17
COLD REGEN IN 5934.5 145.0 2.2 344.0 4.15
COLD REGEN EX 5875.2 374.0 2.23 1266.3 2.19
COOLANT INLET 5875.2 374.0 2.23 1266.3 2.19
COOLANT EXIT 4573.3 1121.3 2.23 3950.8 0.69

TBV IMLET «527.6 1121.6 0.11 3950.8 0.69

TBV EXIT 2199%.7 1138.3 0.11 39sC.8 0.35
02 TRB INLET 4527.6 1121.6 2.12 3950.8 0.69
02 TRB EXIT 4186.7 1104.4 2.12 igs8).8 0.65
H2 TRB IMLET «186.7 1104.4 2.12 3881.8 0.65
H2 TRB EXIT 2316.5 983.0 2.12 3411.2 0.42
H2 TRB DIFFUSER 2290.7 983.2 2.12 3411.2 0.41
H2 BST TRB IN 22617.8 983.2 2.12 3411.2 0.41
HZ BST TRB OUT 2252.9 982. 2.12 3406.4 0.41
H2 BST TRB DBIFF 2244.4 982.2 2.12 3406.4 0.4l
02 BST TRB IN 2222.0 982.3 2.12 3406.6 0.40
02 BST TRB OUT 2214.1 981.6 2.12 3403.8 0.40
02 BST TRB DIFF 2210.7 981.7 2.12 3403.8 0.40

H2 TANK PRESS 18.6 1004.8 0.0018 3431.2 0.0025
GOX HEAT EXCH IN 2199.7 989.6 2.23 3431.2 0.40
GOX HEAT EXCH QUT 2188.7 989.3 2.23 3429.8 0.39
HOT REGEN IN 2188.7 989.3 2.23 3429.8 0.3%
HOT REGEN EX 2123%.0 727.4 2.23 2506.8 0.51
FSOV INLET 2123.8 727.4 2.23 2506.8 0.51
FSOV EXIT 2070.0 127.7 2.23 2506.8 0.50
CHAMBER INJ 2049.3 727.8 2.23 2506.8 0.50
CHAMBER 1906.0

% OXYGEN SYSTEWM CONDITIONG «

STATION PRESS TEW FLOM ENTHALPY DENSITY
8.P. INLET 16.0 162.7 13.4 61.9 70.99
B.P. EXIT 135.2 165.3 13.4 62.3 70.84
PUMP TNLET 13%.2 165.3 13.4 62.3 70.84
PUMP EXIT 3086.8 180.8 13.4 73.2 7117

02 TANK PRESS 16.0 4$00.0 0.023 204.7 0.12
0SOV IMNLET 3056.0 181.0 2.0 73.2 71.12
asov EXIT 2139.2 184.6 2.0 73.2 69.70
OCV INLET 3056.0 181.90 11.4 73.2 71.12
ocv EXIT 2139.2 184.6 11.4 73.2 69.70
CHAMBER [NJ 2117.8 184.7 13.4 73.2 69.66
CHAMBER 1906.0

= VALVE DATA =
VALVE DELTA P AREA FLOW X BYPASS
T8Y 2328. 0.01 o.1 5.00
FSov 53. 0.63 2.23
ocv 917. 0.07 13.39
% INJECTOR DATA =

INJECTOR DELTA P AREA FLOW
FUEL 143. 0.40 2.23
Lox 212. 0.16 13.39
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TABLE 44. FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 7500 LBF THRUST (COPPER GROOVED CHAMBER) (CONTINUED)

LI LR YT R Y TR P Y TR TP p ey

* TURBOMACHINERY PERFORMANCE DATA

asesdtcssensannsuaae

« M2 BOOST TURSINE «

“svcacacancasennanne

¢ H2 BOCGST PUMP «

EFFICIEMDY (T/T)  ¢.74% EFF{CIENCY 0.76¢
EFFICIOCY (T/3)  €.422 HORSEPCRER 14.
SPEED (RPW)  IS0L. SPEED [RPM) 25301
MEAN DIA [$1}] 1.44 S SPEED joso
EFF AREA e 1.2% HEAD tFT1 2686.
usc (ACTAL 0.971 Dla. N 1.33
MAX TIP SPEED 822. TIP SPEED 38
STAGES 1 VOL. FLOW 228.
[~ Y 1.46 HEAD COEF 0.450
PRESS RATIO (T/T) 1.0l FLOWM COEF 6.201
PRESS RATIO (T/S) 1.01

HORSEPOMER 14,

EXIT MACH NUMBER e.07
SPECIFIC SPEED 158.00
SPECIFIC DIANETER 9.78
asena arcsaanawan

.2 TURBINME »

escassszunannn
EFFICIDCY (T/T)  0.799 EFFICIENCY
EFFICIENCY (T/5) e.78] HORSEPOMER
SPEED (Rest) 187500, SPEED (RPM) 187500, 187%00. 187500,
HORSEPOMER L4LS. S3 SPEED 337,
MEAM D1A. {1m3 1.727 S SPEED €73, 696, 713,
EFF sREA 2y 0.12 HEAD (FT} 70485, 67813, 65115,
usc (ACTusat)  8.517 OlA.  (IN) 2.53 2.8% 2.53
MAX TIP SPEFD 1563 TIP SPEED 2073. 20758, 2073,
STAGES 3 vOL. FLOW 26}, 263, 241,
[~ 1.44 HEAD COEF 0.528 0.508 0.488
PRESS Ratio (T/T) 1.81 FLOM COEF 0.088
PRESS RATIO (T/3) 1.a3 DIAMETER RATIO 0.291
EXIT MACH MASER B.13 BEARING Di 3.00€-04
SPECIFIC SPEED 49.52 SHAFT DIAMETER 14.00
SPECIFIC DIAMETER 1.48

tesennnnnassvressanae
* O BOOST TURBIME =

" 02 BOOST PUMP «

EFFICIONY (T/T)  8.7%0 EFF ICIENCY 0.7¢4
EFFICIONGY (T/3)  e.478 HOR SEPOWER ..
SPEED (ow) €162 SPEED  (RPH) 20162
MEAM DIA s S SPEED 5026.
EFF AREA (W) 174 HEAD (FT) 242,
usc (ACTUAL)  1.007 Dia. TH 1.50
MAX TIP SPEED 392. TIP SPEED 132,
STAGES i VoL, FLOM 8s.
GAFeA 1.44 HEAD COEF 0.450
PRESS RATIO (T/T)  i.00 FLON COEF 0.200
PREST RATIO (T/3) t.o1
HORSEPOMER 8.
EXIT mMACH maeER 9.05
SPECIFIC SPEED .62
SPECIFIC DIAMMETER  1.33

anvsaancaasane casmensunan

"R TRBINE » « 02 PP

vevess . sanancsedns
SFICIDCY (T/T)  ¢.207 EFFICIENCY 0.703
EFFICIENCY (T/3)  4.7%6 HORSEPOMER 207.
SPEED RPW) 131236 SPEED  (RPM) 131286.
HORSEPOMER 207. SS SPEED 23891,
MEMN DlA o 1.77 S SPEED 1217,
EFF AREA  (IW2)  0.21 HEAD FT) s971.
we (ACTUML)  8.546 Dla. [SCT 1.1
MAKX TIP SPEED 1498, TiP SPEED o6,
STAGES t VoL, FLOK 8s.
[V 1.46 HEAD COEF 0.411
PRESS RATIO (T/T) i.08 FLOM COEF 9.152
PRESS RATIO (T/3) .09 DIAMETER RATIQ 0.479
EXIT RACH MLMGER N ] BEARING DN 1.57€+06
SPECIFIC SPEED s1.7e SHAFT DIAMETER 12.00
SPECIFIC DINETER .50

REGEERATOR DATA

[=: W 035 3 HOT SIDE
20 4 59.3% 5. 44
oELT . -261.0%
AREA 8.14 0.6%
FLoM 2.23 2.23
EFFECT I VENESS 0.31
Nty 0.4S
CRATIO ¢.87
(o T( ] ?.a7
REGDH Q 2060.03



TABLE 45. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 15,000 LBF THRUST (COPPER GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

BT REE R RN RN C U R AR AR IR RANARA RN

CHAMBER PRESSURE 1824.0
VAC ENGINE THRUST 15000.
TOTAL ENGINE FLOW RATE 31.24
DEL. VAC. ISP 480.1
THROAT AREA 4.02
NOZLE AREA RATIO 1000.0
NOZRE EXIT DIAMETER 71.58
ENGIME MIXTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT DF 8564,
CHAMBER COOLANT OT 567.
NOZZLE/CHAMBER O 9408

ENGINE STATION COMOETIONS

NS EANNA TSN R A AR NN AR

w FUEL SYSTEM COMDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B8.P. IMET 18.6 37.4 4.47 -107.5 £.37
B.f. EXIT 100.8 8.5 4.47 -103.0 4.39
PUP IMET 100.8 38.5 «.47 -103.0 4.39
1SY STAGE EXIT 1839.2 65. 6 6.47 10.1 4.38
2ND STAGE EXIT 3548.9 89.3 “.47 120.6 4.40
PUMP EXIT $238.7 112.8 4.47 228.% 4.46
COLD REGEN IN 5186.46 113.2 “.47 228.5 &.44
COLB REGEN EX $136.5 302.9 4.47 957.5 2.35
COOLAMT INLET 5134.5 302.9 447 957.5 2.3%
COOLAMNT €XIT 4280.1 870.4 4.47 3063.1 ¢.82

TSV IMLET 4€237.3% 870.7 0.22 3063.1 0.82

™y EXIT 2105.1 884.8 0.22 3063.1 0.42
oz RS IMET €237.3 870.7 €.26 3063.1 0.82
oz TRB EXIT 868.6 855.2 “.24 2999.7 0.77
H2 TRB INLET 3868.6 855.2 4.264 2999.7 0.77
e TRB EXIT 2222.3 767.5 4.264 2650.7 0.51
H2 RS DIFFUSER 2193.7 767.7 .24 2650.7 0.50
HZ ST TRB IN 2171.8 187.7 %.264 2650.7 ¢.50
2 BST TRB OUT 2156.6 766.6 4.24 2646.0 0.50
H2 BST TR® DIFF  2147.8 766.6 4.264 2646.0 0.49
02 8ST TRB IN 2126.3 766.8 6.24 2646.0 0.49
a2 BST TRB OUT 2117.5 766.1 6.2 26463.4 0.49
02 BST TRB DIFF  2115.7 766.1 “.26 2643.4 0.49

H2 TANK PRESS 18.6 784 .8 0.0046 2664.%6 0.0045
GOX HEAT EXCH IN 2105.1 772.1 4.46 2664.4 0.48
GOX HEAT EXCH OUT 2096.6 771.8 «.46 2663.0 0.48
HOT REGEMN IN 20%6.6 771.8 &.66 2663.0 0.48
HOT REGEM EX 2031.8 567.1 4.46 1933.3 0.62
FSOV INLET 2031.8 567.1 4.46 1933.3 0.62
FSov EXIT 1981.0 567.4 4.46 1933.3 0.61
CHAMBER 1N 1961.2 567.4 6.46 1933.3 0.60
CHAMBER 1824.8

# OXYGEN SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. DLET 16.0 162.7 le.8 61.9 70.99
B.P. EXIY 135.2 165.3 6.8 62.3 70.84
PP INLET 135.2 165.5 26.8 62.3 70.84
PV EXIT 2954.0 179.2 26.8 12.4 71.31

02 TANK PRESS 1¢.0 400.0 0.046 204.7 0.12
oSOV IMET 2924.5 179.3 4.0 72.4 71.26
oSOV EXIT 2067.1 182.7 «.0 72.4 69.90
ocY IMET 2924.5 179.3 22.8 2.4 71.26
ocv eIt 2047.1 182.7 22.8 72.4 69.90
CHMBER INJ 2026.7 182.8 28.8 12. 69.87
CHAMBER 1824.0

s VALVE DATA @
VALVE DELTA P AREA FLOMW % BYPASS
TBY 2132, 0.01 0.22 5.00
FSOV S1. 1.16 4.66
ocv 877. 0.14 2s.78
# [MJECTOR DATA =#

IHECTOR DELTA P AREA FLOW
FUEL 137. 0. 74 .46
Lox 203. 0.4 2e.78
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TABLE 45. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 15,000 LBF THRUST (COPPER GROOVED CHAMBER) (CONTINUED)

SesmsuanccsNuNsRUANE R R aRICERE.
" TURBOMACHINERY PERFORMANCE DATA «

tanawe

. Cuaersonad

* K2 300ST TURBINE e * K2 BOOST PLMP «
tevntadeatinane cedeusreunscrsaas
EFFICIENCY (T/T)  4.796 EFFICIENCY 0.765
EFFICIENCY (T/S)  0.519 HOR SEPOMER 29
SPEED (RPM] 55583, SPEED  (RPM) s3zas.
MEAN DIA (IN) .44 S SPEED 3048,
EFF AREA CINZ) 2.1t HEAD (ET) 2700,
usc (ACTUAL)  0.686 DiA. (IN) 1.89
MAX TIP SPEED 433, TIP SPEED a3,
STAGES 1 VOL . FLOW “«57.
GAMMA 1.39 HEAD COEF 0.450
PRESS RATIO (T/T) 1.0t FLOM COEF 0.201
PRESS RATIO (T/3) 1.01
HOR SEPOMER 29.
EXIT MACH NUMBER 0.97
SPECIFIC SPEED 150.00

SPECIFIC DIAMETER 0.65

LT T LI I esasmun .
* HZ TURBINE = " K2 PP a
sessanmumERNuY Tssuseansea

STAGE OME STAGE TWO STAGE THREE

EFFICIENCY (T/T) 8.807 EFFICIENCY 0.649 0.452 0.653
EFFICIENCY (T/3S) 0.784 HORSEP OWER 718, 699, 8z,
SPEED (RPM) 136363, SPEED (RPM) 156343, 136363, 136363,
HOR SEP OWER 20%¢. S5 SPEED 9565 .
MEAN DIa. (S L}) 2.48 S SPEED 1%0. 799. 806.
EFF AREA (IN2) 0.23 HEAD (FT) 57137, $6051. 54879
usc (ACTUAL ) 0.499 DIA. (I} 3.12 5.12 3.12
MAX TIP SPEED 1578, Ti# SPEED 1857, 1857. 1857,
STAGES 2 VOL. FLOM 658 . 4585, 450.
GAMMA 1.39 HEAD COEF 0.533 0.523 0.512
PRESS RATIO (T/T) 1.7¢ FLOW COEF 0.09%
PRESS RATIO (T/$) 1.17 DIAMETER RATIO 0.3
EXIT MACH WUMBER 0.1¢ BEARING DN 3.00€-06
SPECIFIC SPEED 43.34 SHAFT DIAMETER 22.00

SPECIFIC DIAMETER 1.83

dnnssvensovan sransesdmsussanan
¥ 02 SOOST TURBIME « * 02 BOOST PLAW «
umnanus nes - sasanvesvanssenus
EFFICIENCY (T/T) 0.82¢ EFFICIENCY 0.764
EFFICIENCY (T/S) 0.648 HORSEPOMER 15.
SPEED (RPM) 164257, SPEED (RPM) 14287,
MEAN DIa (1N 6.1 S SPEED 3026.
EFF AREA C(IN2) 2.97 HEAD (FT) 242.
usc (ACTUAL ) ¢.712 DIa. (S L 3] 2.11
MAX T1P SPEED 2%0. TP SPEED 132.
STAGES 1 VOL. ALOM 170.
GAMMA L.39 HEAD COEF 0.450
PRESS RATIO (T/T) 1.¢0 FLOM COEF 0.200
PRESS RATIO (T/S) 1.a1
HOR SEPOMER 15,
EXIT MACH NUMBER 0.04
SPECIFIC SPEED .31

SPECIFIC DIAMETER 1.01

* 02 TURBINE »

EFFICIENCY (T/T) ¢.822 0.730
EFFICIEMCY (T/$) 0.766 ls0.
SPEED (RPM) 90118, SPEED (RP®) 90118,
HOR SEP OWER 380, $S SPEED 23201.
HEAN DIA (RCD} 2.43 S SFEED L1787,
EFF AREA IN2) 0.3¢ HEAD (FY) 5691.
usc (ACTUAL) 0.548 DIA. CIN} 1.48
MAX TIP SPEED 1064 T1P SPEED 660
STAGES 1 VOL. FLOM 169,
GAMMA .39 HEAD COEF 0.420
PRESS RATIO (W/T) 1.19 FLOW COEF 0.153
PRESS RaTIO (T/3) .10 DIAMETER RATIO 0.480
EXIT MACH NUMBER a.09 BEARING DM 1.44E-06
SPECIFIC SPEED .91 SHAFT DIAMETER 16.00
SPECIFIC DIAMETER 1.57

REGENERATOR DATA
-

COLD SIDE HOT SIDE
DELP 5).97 42.86
DELY 189.70 -206.46
AREA 0.32 1.20
FLOW &.67 4.46
EFFECTIVENESS 0.31
NTU 0.46
CRATIO a.93
CHIN 15.92
REGEN Q 3287.29
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TABLE 46.

—  FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR

— 25,000 LBF THRUST (COPPER GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMCTERS

RN N A SN N R R RN AR

CHAMBER PRESSURE 17i8.0
VAC ENGINE THRUST 25000,
TOTAL ENGINE FLOW RATE 52.08
DEL.. VAC. IsP %80.1
THROAT AREA 7.2
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 95.20
ENGINE MIXTURE RATI1O 6.00
ETA C= 0.993
CHAMBER COOLANT DP 1718,
CHAMBER COOCANT DT 463,
NOZZLE /CHAMBER Q@ 12628.

ENGINE STATION CONDITIONS

A EEANR AR AN A UNRA AR R RN MR

= FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOM ENTHALPY
B.P. IMET 18.6 37.4 7.45 -107.5
B.P. EXIT 100.6 38.5 7.45 -103.0
PUMP INLET 100.6 38.5 7.45 ~-103.0
1ST STAGE EXIT 1709.0 $8.8 7.45 -8.8
230 STAGE EXIT 3331.9 78.3 7.65 85.0
PUMP EXIT 4£968.4 97.3 7.45 177.8
COLD REGEN IN 4918.8 97.7 7.45 177.8
COLD REGEN EX 486%.6 268.6 7.45 763.8
COOLANT TMLET “869.6 258.6 7.45 763.8
COOLAMT EXIT %0%1.5 701.7 7.45 26459.0

TBY IMLET 4050.6 702.0 0.37 2459.0

TRV EXIT 1982.9 714.7 ©.37 24%9.0
az TRB INLET 4050.6 702.0 7.08 26459.0
a2 ™RB EXIT 3666.1 88.1 7.08 2401.0
K TRB IMLET 3666.1 688.1 7.08 2401.0
T TRB EXIT 2116.3 616.2 7.08 2105.4
H2 TRB BIFFUSER  2079.7 6léa .4 7.08 2105.4
+HZ BST IRB IN 2058.9 él4a.4 7.08 2105.4
H2 BST TRB OUT 2039.0 €13.3 7.08 2100.6
2 BST TRB BIFF 2024.3 é13.4 7.08 2100.6
o BST TRE IN 2004.1 613.5 7.08 2100.6
a2 BST TRB OUT 1994.3 612.8 7.08 2098.1
O BST TRB DIFF 1992.9 612.8 7.08 2098.1

H2 TAMK PRESS 18.6 628.0 0.0097 2116.1
GOX HEAT EXCH IM 1982.9 617.9 7.64 2116.1
GOX HEAT EXCH OUT 1973.0 $17.6 7.44 2114.8
HOT REGEN IN 1973.0 ¢17.6 7.644 2114.8
HOT REGEM EX 1913.8 457.0 7.64 1528.0
FSOV INLET 1%13.8 «57.0 7.44 1528.0
FSO¥ EXIT 1865.9 457.2 7.44 1528.0
CHAMBER TMJ 1847.3 457.3 7.44 1528.0
CHAMBER 1718.0

#» OXYGEN SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY
B.P. INLET 16.0 162.7 64.7 61.9
B.P. EXIT 135.2 165.3 «%.7 62.3
PUMP INLET 135.2 165.3 66.17 62.3
PuUMP EXIT 2782.4 177.7 “6.? 71.5

02 TANK PRESS 16.0 400.0 6.076 204.7
oSOV INLET 2754.5 177.9 6.7 71.5
oSOV EXIT 1928.2 181.1 6.7 71.5
ocV IET 2754.% 177.9 37.9 71.5
ocY EXI1Y 1928.2 181.1 37.9 71.5
CHAMBER 1N 1908.9 181.1 44.6 71.5%
CHAMBER 1718.0

a VALVE DATA ¢
VAL VE DELTA P AREA FLOW X BYPASS
T8V 2068. 0.02 0.37 5.00
FSOV “8. 1.84 7.44
ocv 826 0.23 44,64
a INJECTOR DATA »
INJECTOR DELTA P AREA FLOW
FUEL 129. 1.17 7.46
Lox 191. .58 44 .64
186

05

DENSITY
4.37
4.39
%.39
6.4
£.57
G.66
4.63
2.5%
2.56
0.97
0.9%6
0.49
0.9
0.9
0.9%0

0.59
0.59%
0.58
0.58
0.57
0.57
0.57

0.56
0.56
0.56
0.72
0.72
6.71
8.70

DENSITY
70.99
70.B4
70.84
T1.37

0.12
71.33
10.04
71.33
70.04
70.01
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TABLE 46.

FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 25,000 LBF THRUST (COPPER GROOVED CHAMBER) (CONTINUED)

LEXTEEY]

Stcemsasudcssananussrtann

ssennn

* TURBOMACMINERY PERFORMANCE DATA «

ave

esee

* HY BOOST TURBINE o

ucuseqscannna

EFFICIENCY (T/T) 0.481¢ EFFICIEMCY
EFFICIENCY (T/S) 0.407 HOR SEPOMER
SPEED (RPM1 41283, SPEED {RPM)
MEAN DIA 4L 1.46 S SPEED

EFF AREA () .01 HEAD (FT)
usc (ACTUAL) 0.531 Dla. {IK)
MAX TIP SPEED 380. T1P SPEED
STAGES 1 VOL. FLOW
GaMMA 1.43 HEAD COEF
PRESS RATIO (T/T) 1.01 FLOM CDEF

PRESS RATIO (T/$) 1.02

HORSEPOMER 8.
EXIT ®MACH NUMBER e.11
SPECIFIC SPEED 149.7¢

SPECIFIC DIAMETER Q.51

a H2 TURBINE «

EFFICIENCY (T/T) 0.861 EFFICIENCY
EFFICIENCY (T/S) 0.828 HORSEPOMER
SPEED (RPH) 125000. SPEED (RPM}
HORSEPOMER 2959. SS SPEED

MEAM DIA. CIM) 2.40 $ SPEED

EFF AREA (1x2) 0.3¢ HEAD (FT)
usc (ACTUAL ) 0.521% DIa. (IN)

MAX TIP SPEED 1539. TIP SPEED
STAGES 2 VoL . FLOM
GAMMA 1.43 HEAD COEF
PRESS RATIOQ (T/T) 1.7 FLOM COEF
PRESS RATIO (7/S) 1.72 DIAMETER RATIO
EXIT MACH NUMBER 0.7 BEARIMG DM
SPECIFIC SPEED 5.08 SHAFT DIAMETER
SPECIFIC DIAMETER 1.39

" 02 BOOST TURBINE «

94,
125006 .
11347
992.
S1938.
3.29
17%.
74% .
0.519%
0.110
0.383
3.00€E-04%
24.00

EFFICIEMCY (T/T} 0.87¢
EFFICIENCY (T/ST  0.730
SPEED (RPM)  11043.
MEAN DIA {IN) “.11
EFF AREA (IN2) 4.3¢
usc (ACTUAL) 0.552 Dia. IN)
MAX TIP SPEED 234, TiP SPEED
STAGES 1 vOL. FLOW
Carewn 1.43 HEAD COEF
PRESS RATIC (T/T) 1.00 FLOM COEF
PRESS RATIOC (TsS) L.01
HOR SEPOMER 26.
EXIT MACH NUMBER a.04
SPECIFIC SPEED .07
SPECIFIC DIAMETER 0.8¢
ressanannewaas asesaannenn
* 02 TURBINE « "0 PUMP ®
meusxnmasaenns esveusnuus
EFFICIENCY (T/T} 0.8%6 EFF [CIENCY
EFFICIENCY (T/S) 0.791 HOR SEPOWER
SPEED (RPMT 67533, SPEED {RPM)
HOR SEPORER 581. S5 SPEED
MEAN DiA 1W) 2.60 S SPEED
EFF AREA [§1.-3] 0.5% HEAD tFT)
usc (ACTUAL ) 0.450 DIA. [SL}}
MAX TIP SPEED L 1298 TIP SPEED
STAGES 1 vOL. FRLOM
GAMMA 1.43 HEAD COEF
PRESS RATIO (T/T) 1.10 FLOW COEF
PRESS RATIQ (T/5) 1 DIAMETER RATIO
EXIT MACH NUMBER 0.10 BEARIMG DN

SPECIFIC SPEED
SPECIFIC DIAMETER

8. 66
.37

REGENERATOR DATA

sessauansssudann

COLD SI1DE HOT SIDE
DELP <.l se.19
DELT 160.99 -160.52
AREA 0.52 1.90
FLOW 7.¢% 1.44
EFFECTIVENESS a.31
NTU 0.47
CRATIOQ 1.00
CHIN 27.13
REGEN Q@ «365.10

187

SHAFT DIAMETER

“1283.
3048,
2493,

2.43
«39.
762,
0.450
0.201

125000.

8.8 .
51822,
31.29
179%.
751,
0.51%

Q.77
58).
67533,
22446,
1813,
5539,
2.18
€35,
281
0.42¢
0.154
0.682
“9ED6
22.00

125000.

"y,
$1037.
3.29
179%.
T1e.
0.51e
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TABLE 47. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 37,500 LBF THRUST (COPPER GROOVED CHAMBER)

ENGINC PERFORMANCE PARAMETERS

AN AR AN REE RN RN AN ANR R NN

CHAMBER PRESSURE 1612.0
VAC ENGINE THRUST 37500.
TOTAL ENGINE FLOW RATE .12
DEL. VAC. ISP “80.0
THROAT AREA 11.37
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 120.34
ENGINE MIXTURE RATIO 6.00
€TA Cn» 0.993
CHAMBER COOLANT DP 696.
CHANBER COOLANT DT 375.
NOZZLE/CHAMBER Q 16426.

EMGIME STATION CONDITIONS

® FUEL. SYSTEM CONDITIONS =

STATION PRESS TOr FLOW ENTHALPY DEMSITY
B.P. IMLET 18.6 37.4 11.18 -107.% 6.37
B.P. EXIT 100.9 8.5 11.18 -103.0 4.3
PU IMLET 100.9 38.5 11.18 -103.0 4.39%
1ST STAGE EXIT  1675.9 $7.2 1.8 -13.9 &.52
2D STAGE EXIT  3279.3 rs.2 1.18 75.0 4.63
P EXIT 4908.3 2.7 11.18 163.7 .72
COLD REGEN ™ 4859.2 931 118 163.7 4.70
COLD REGEM EX 4810.6 226.8 11.18 629.7 2.81
COOLANT INMLET 48106 26.8 11.18 629.7 2.81
COOLANT EXIT 4116.6 601.4 11.18 2099.3 1.11

TBV INLET 4075.4 €01.7 0.56 2099.3 1.10

TBY EXIT 1860.S 6139 0.56 2099.3 9.53
02 TRB IMLET 4075.4 601.7 10.62 2099.3 1.10
02 TRE EXIT 3662.2 589.5 10.62 2046.1 1.02
H2 TRB IMLET 3662.2 s8y.5 10.62 2046.1 1.02
W2 TRB EXIT 2006.9 521.2 10.62 1765.3 0.67
M2 TRB DIFFUSER  1966.7 521.4 10.62 1765.3 0.65
H2 BST TRB IN 1947.0 $21.4 10.62 1765.3 0.¢5
W2 BST TRB OUT  1926.3 s2e.3 10.62 1760.5 0.64
H2 BST TRB BIFF  1901.¢ §20.4 10.62 1760.5 0.64
02 BST TR8 IN 1882.¢ $20.4 10.62 1768.5 0.63
02 BST TRB OUT  1871.8 s19.8 16.62 1758.0 0.63
02 BST TRB BIFF  1869.9% 519.8 10.62 1758.0 0.63

"2 TANK PRESS 18.6 s3z.0  0.0169 1775.0 0.0066
60X HEAT EXCH [N 1860.5 §24.5 .16 1775.60 0.62
GOX HEAT EXCH OUT 1851.2 524.2 11.16 1773.7 0.62
HOT REGEM IN 1851.2 §26.2 11.16 1773.7 0.62
HOT REGEM EX 1795.7 399.3 1.16 1307.0 0.78
FSOV IMLET 1795.7 399.3 11.16 1307.0 0.78
FSOV EXIT 1750.8 399.4 1.16 1307.0 0.7¢
CEER NS 1733.3 399.5 11.16 1307.0 0.7
CHAMBER 1612,

« OXYGEN SYSTEM CONDITIONS =

STATION PRESS Toe FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 67.1 61.9 70.99
B.P. EXIT 135.2 165.3 67.1 62.3 70.84
P INLET 135.2 165.3 67.1 62.3 70.84
PP EXIT 2610.7 176.6 67.1 70.8 71.40

@ TANK PRESS 16.0 <00.0 0.116 204.7 0.12
0SOV INLET 2586.4 176.7 10.0 70.8 71.36
osov EXIT 1809.2 179.6 10.0 70.8 70,14
ocY INLET 2584.6 176.7 56.9 70.8 71.36
ocv ex1T 1809.2 179.6 56.9 70.8 10.14
CHArBER TR 17911 1797 67.0 70.8 70.12
CHAMBER 1612.8

= VALVE DATA =
VALVE DELTA £ AREA FLOM X BYPASS
T8V 2215, 0.02 0.56 5.00
FSOV 5. 2.18 11.16
ocv 75 0.36 65.96
s INJECTOR DATA ¢

INJECTOR DELTA P AREA FLOW
FUEL 121, 1.75 11.16
Lox 179 .89 64.96

188



TABLE 47.

FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR

— 37,500 LBF THRUST (COPPER GROOVED CHAMBER) (CONTINUED)

anas

* TURBOMACHINERY PERFORMAMIE DATA «

* 12 BOOST TURBINE »

EFFICIENCY (T/T) 0.79%
EFFICIENCY (T/S) 0.358

SPEED (RPM]  33756.
MEAN DIa 1in) 1.44
EFF AREA (81, 2] 4.01
usC CACTUAL ) 0.43¢
MAX TIP SPEED 324.
STAGES 1
GAMMA 1.36

PRESS RATIO (T/¥) 1.a1
PRESS RATIO (T/3) 1.03
HOR SEPOWER 2.
EXIT MACH NUMBER 0.16
SPECIFIC SPEED 123.78
SPECIFIC DIAMETER 0.48

* 2 TURBINE =

EFFICIENCY (T/T) o.870
EFFICIENCY (T/3) 0.83%

SPEED {RPM) 107143,
HORSEPOWER “2te.
MEAN Dla. (In) 2.93
EFF AREA [$1.- 3] 0.51
we (ACTUAL } 0.51¢
MAX T1P SPEED 1693
STAGES 2
CAMMA 1.34

PRESS RATIO (7/7) 1.82
PRESS RATIO (T/$) 1.87
EXIT MACH NUMBER [ 9} ]
SPECIFIC SPEED 57.54
SPECIFIC DIAMETER 1.33

NeevinuuamaNstsaRuURY
* 0 BOOST TURBINE =
ae

EFFICIENCY (T/T) 0.82%

EFFICIENCY (T/S)  0.705%

SPEED (RPM) 9016,
MEAN DIA (81 ] 4.11
EFF AREA o) 5.88
usc (ACTUAL)? 0.450
Max TIP SPEED 197.
STAGES ]
GAMMA 1.34
PRESS RATIO (T/T) 1.a1
PRESS RATIQ (T/S} 1.01
HORSEP OWER 39,
EXIT MACH NUMBER 0.04
SPECIFIC SPEED 2.8¢

SPECIFIC DIAMETER e.7?

= 0! TURBIME »

aqmansan
EFFICIENCY (T/T) 0.853
EFFICIENCY (T/3) a.778

SPEED (RPM) 53362,
HORSEPOMER 800.
MEAN D1A s 2.93
EFF AREA [0, -2] 0.73
wc (ACTUAL) 0.417
MAX TIP SPEED 745
STAGES 1
GAMMA 1.3¢

PRESS RATIO (T/T) 1.11
PRESS RATIO (T/3) .12
EXIT MACH NUMBER 0.11
SPECIFIC SPEED «5.9%
SPECIFIC DIAMETER 1.34

¢ H2 BOOST PusP a

“ssesncaseancenns

EFFICIENCY a.7¢S
HOR SEPOWER 12,
SPEED  (RPM) 15756,
S SPEED 1045.
HEAD (FT) 2702.
ota. CINY 2.9
TIP SPEED <40,
VOL. FLOW 1143,
HEAD COEF 0.650
FALOW COEF 0.2401

amanmenanss

. K2 PUS

STAGE OME STAGE TWO STAGE THREE

EFFICIENCY a.730 0.728
HORSEP OMER 1409, 1407.
SPEED (RPW) 107143, Lo7143.
SS SPEED 1188%.
$ SPEED 1058, 1049,
HEAD (FT) $0591. 50407.
DIia.  (IN) 3.19 3.79
T1P SPEED 177%. 1775.
VOL. FLOW 1110, 1086 .
HEAD COEF 0.517 0.51%5
FLOW COEF o.114
DIAMETER RATIO 0.400
BEARING DN 3.00€-0¢
SHAFT D1AMETER 28.00

REGEMERATOR DATA

COLD S10€ HOY S1DE
DELP “8.59 $5.54
DELT 135.71 -124.8%
AREA .27 2.80
FLOK ti.18 11.16
EFFECTIVENESS 0.31
NTU 0.44
CRATIO 0.93
CMIN 38.9%
REGEN Q 5207.88

189

ssncassweasensnne

DIA.
T1P SPEED 132.
VOL. FLOW ©2S.
HEAD COEF 0.4%0
FLOM COEF 0.200

EFFICIENCY 0.760
HOR SEPOWER 800.
SPEED (RPH) 53362.
$S SPEED 21728.
S SPEED 1845,
MEAD (FT) L.
DlA. [SL ] 2.42
TIP SPEED 410,
VOL. FLOW “22.
HEAD COEF 0.431
FLOM COEF 0.155
DIAMETER RATIQ 0.683
BEARING DN 1.3%€-06
SHAFT DIAMETER 2¢.00

e.727
1402,
107143,

10462
S0k&1.
3.7
1778,
1062.
0.512

ORIGINAL PAGE 1S
OF PCCOR QUALITY



TABLE 48. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 50,000 LBF THRUST (COPPER GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

FAREA AR AN RN SN A SUAN RN AN A RGN RN NN

CHAMBER PRESSURE 1505.0
VAC ENGINE THRUST 50000,
TOTAL ENGIME FLOW RATE 104.16
DEL. VAC. ISP %<80.0
THROAT AREA 16.23
NOZZLE AREA RATIO 1000.9
MOZZLE EXIT DIAMETER 143.74
ENGINE MIXTURE RATID 6.00
ETA Cv 0.993
CHAMBER COOULANT D¢ 601 .
CHAMBER COOLANT DT 335.
MOZTLE/CHAMBER Q 19840.

ENGINE STATION CONDITIONS

AR AN AR NN NN TER N C A AN MR RN

® FUEL SYSTEM COMDITIONS »

STATION PRESS TEW FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 14.91 -107.% 4.37
B.P. EXIT 100.8 8.5 16.91 -103.0 4.3
PUMP IMLET 100.8 8.5 14.91 -103.0 «.39
1ST STAGE EXIT 1536.4 54.5 16.91 -24.6 4.5%6
2MD STAGE €XIT 3006.6 £9.8 14.91 54.0 4.66
PUMP EXIT «508.4 846.9 14.91 132.6 “.76
COLD REGEN IN 4663.46 B85.3 14.91 132.6 4.74
COLD REGEN EX 4618.7 205.3 14.91 $36.0 2.88
COOLANT IMLET <418.7 205.3 14.91 $36.0 2.88
COOULANT EXIT 8L7.7 540.3 14.91 1867.0 1.14

TBV INLET 3779.5 540.5 0.75 1867.0 .13

TBVY EXIT 1738.1 550.3 0.75 1867.40 0.5S
a2 TRB IMLET 3779.5 540.5% 14.18 1867.0 113
az ™B EXITY 3401.6 529.1 14.16 i818.0 1.05
H2 TRB IMLET 3401.6 529.1 164.16 1818.0 1.05
H TRB EXIT 1900.6 458.3 14.16 1570.1 0.70
H2 TRB DIFFUSER 185%.0 “68.5 14.16 1570.1 0.69
H© BST TRB IN 1836.4 “<68.5 14.1% 1570.1 0.69
K2 BST TRB OUT 1811.9 “67.4 14.16 1565.3 0.67
H2 BST TRB DIFF 1778.7 467.5 14.16 1565.3 0.66
02 BST TRB IN 1760.9 %67.6 14.16 1565.3 0.66
02 BST TRB OUT 17649.6 %66.9 14.16 1562.7 0.65
02 BST TRB DIFF 1746.8 666.9 16.16 1562.7 0.65

H2 TAMNK PRESS 18.6 476.8 0.0250 1578.0 0.0074
GOX HEAT EXCH IN 1738.1 471.0 14.88 1578.0 0.64
GOX HEAT EXCH OUT 172%.4 470.7 14 .88 1576.6 0.6%
HDT REGEN IN 1729.4 «70.7 14.88 1576.6 0.64
HOT REGEN EX 1627.5 365.3 1<.88 1172.5 0.79
FSOV INLET 1677.5 365.3 14.88 1172.5 a.79
FSOV EXIT 1635.6 355.4 14.88 1172.5 0.78
CHAMBER INJ 1619.2 365.4 14.88 1172.5 0.77
CHAMBER 1506.0

n OXYGEN SYSTEM CONDITIONS «

STATION PRESS TEMP FLO® ENTHALPY DENSITY
B.P. INLET 16.0 162.7 89.4 61.9 70.99
B.P. EXIT 135.2 165.3 89.4 2.3 70.84
PUMP INLET 135.2 165.3 8%.4 2.3 70.84
P EXIT 2439.0 175.5 89.4 70.1 71.39

02 TANK PRESS 16.0 «00.0 0.152 204.7 0.12
oSOV INLET 2416.6 175.6 13.4 70.1 7.36
osov EXIT 1690.2 178.4 13.4 70.1 70.22
OoCY INLET 2414.6 125.6 5.9 70.1 7T1.36
oCY EXIT 16%90.2 178.4 75.9 70.1 70.22
CHAMBER INJ 1673.3 178 .4 B89.3 70.1 70.19
CHAMBER 1506.0

* VALVE DATa «
VALVE DELTA P AREA FLOW %X BYPASS
TBV 2041. 0.03 0.7% 5.00
FSov «2. 375 14 .88
ocy 724, 0.50 B9.l8
* INJECTOR DATA =

INJECTOR DELTA P AREA FLOW
FueL 113. -1 14 .88
Lox 167, 1.23 89.28
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TABLE 48. FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 50,000 LBF THRUST (COPPER GROOVED CHAMBER) (CONTINUED)

BRRseNeNsUTEN AN NS R IR AN a R aNanen

4 TURBOMACHINERY PERFORMANCE DATA «

aesesananane
* M2 BOO0T TURBINE »

NAsesansvateusanenna

EFFICIENCY (T/T1  0.770 EFFICIENCY 0.765
EFFICIENCY (T/S)  D.272 HOR SEPOMER %.
SPEED (RPN} 29226 SPEED  (RPM] 29226.
MEAN DIA CIN) 5.44 S SPEED 3045
EFF AREA 413 s.02 HEAD {231 2701.
u/c (ACTUALY  0.376 DIA. ($TH 3.44
maX TIP SPEED 2%0. TIP SPEED <59,
STAGES 1 VOL. FLOM 1524,
GArA 1.38 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOW COEF 0.201
PRESS RATIO (T/$) 1,06
HOR SEPOMER *%.
EXIT MACH NUMBER 0.17
SPECIFIC SPEED 103.11
SPECIFIC DIAMETER 0.46
anmanue
" H2 TURBINE o
wan .
STAGE OME STAGE THO STAGE THREE
cansanuanw .
EFFICIENCY (T/T1  0.38% EFFICIENCY 0.754 0.752 0.750
EFFICIENCY (T/S5)  0.8&2 HORSEPOMER 1653. 1656, 1658.
SPEED (RPH) 100000. SPEED (RPM1I 140000, 100000 100000.
HOR SEP OWER <967, S5 SPEED 12818,
MEAN DIA. ST} 5.08 S SPEED 1223, 1208, 1196.
EFF AREA () 0.69 HEAD  (FT) 59857, «S952. <S89S .
v/ (ACTUAL)  0.540 DIA. (1K) 3.93 5,93 3.93
MAX TIP SPEED 1484, TIP SPEED 718, 1718, 1718.
STAGES 2 vOL. FLOW w%rz. 1436, 1405.
CAMA .38 HEAD COEF e.501 0.501 0.500
PRESS RATIO (T/T) 1.7% FLOM COEF 0.124
PRESS RATIO (T/S) 1.8 DIAMETER RATIO 0.441
EXIT MACH MUMBER 0.20 BEARING DN 3.00€+06
SPECIFIC SPEED 66,39 SHAFT DIAMETER 30.00
SPECIFIC DIAMETER 1.22
sasseacavcnemancanan ae
» 02 BOOST TURBINE . G2 00T PP «
sazsnscesauvnnnnenae nesssszansacnnses
EFFICIENCY (T/T)  0.84S EFFICIENCY 0.744
EFFICIENCY (T/$)  0.452 HOR SEPONER s2.
SPEED (RPM) 7808 SPEED  (RPM) T808.
MEAN D1A 3T} 618 S SPEED 3026
EFF AREA (e 7.50 HEAD (FT) 242.
u/c (ACTUAL)  0.3%0 Ola. 33 5.86
MAX TIP SPEED 176, TIP SPEED 132,
STAGES 1 VoL, FLOW 567.
Garea 1.38 HEAD COEF 0.450
PRESS RATIO (T/T} 1.0l FLON COEF 0.200
PRESS RATIO (T/S) 1.01
HOR SEPOWER 52.
EXIT MACH NUMBER 0.05
SPECIFIC SPEED 8. %%
SPECIFIC DIAMETER 0.71
nassasannnanar vesesususue
» 02 TURBINE = -2 PUe -
sveccacurunnus essannaaasn
EFFICIENCY (T/T)  0.887 EFFICIONGY 0.74%
EFFICIENCY (T/S) 832 HORSEPGMER 2.
SPEED (RPH)  €GT16. SPEED  (RPW) 4&T14.
HORSEP OWER "2, S5 SPEED 21019,
MEAN DIA (N 3.08 S SPEED 1885,
EFF AREA [31-3] 1.01 HEAD (FT) <648,
u/c (ACTUAL)  0.543 DlA. INY s.01
maX TIP SPEED (31N TIP SPEED ss7.
STAGES 2 voL. ALOW 562,
GAMMA .58 HEAD COEF €.434
PRESS RATIO (T/T) 111 FLOW COEF e.is7
PRESS RATIOQ (T/S3 1z DIAMETER RATIO 0.48¢
EXIT MACH MUMBER 0.09 BEARING ON 1.34E+06
SPECIFIC SPEED r8.0? SHAFT DIAMETER $0.00
SPECIFIC DIAMETER 1.06

REGEMERATOR DATA

COLD SIDE HOT SIDE
DELP 4664 51.88
DELT 119.92 -105.3%
AREA 1.7 .78
FLOW 16.91 16.88
EFFECTIVEMESS 0.51
NTU 0.44
CRATIO 0.88
MiN 0. 14
REGEN Q 6012.47
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APPENDIX C
THROTTLED CYCLES

Throttled cycle data are presented in Tables 49 through 56.
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TABLE 49.

ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER

ENGINE 100% OF DESIGN THRUST LEVEL

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE

VAC ENGINE THR
DEL. VAC. ISP

usT

TOTAL ENGINE FLOW RATE

THROAT AREA
NOZZLE AREA RA
ENGINE MIXTURE
CHAMBER/NOZZLE
CHAMBER/NOZZLE
ETA C»
CHAMBER/NOZZLE

Tio
RATIO

COOLANT DP
COOLANT DT

Q

1612.0
20000.
%80.0
41.7
6.066
1000.9
6.08
583.
1018.
0.993
11190,

STATION

B.P. INLET

B.P. EXIT

PUMP INLET

1ST STAGE EXIT
JBV IMNLET
JBV EXIT

2ND STAGE EXIT

PUMP EXIT

COOLANT INLET

COOLANT EXIT
TBV INLET
TBV EXIT

LOX TRB INLET

LOX TRB EXIT

H2 TRB INLET

HZ2 TRB EXIT

H2 TRB DIFF

H2 BST TRB IN

H2 BST TRB EXIT

H2 BST TRB DIFF

02 8ST TRB IN

02 BST TRB EXIT

G2 BST TRB DIFF
H2 TaNK PRESS

GOX HEAT EXCH IN

GOX HEAT EXCH OUT

MIXER HOT IN
MIXER COLD IN
MIXER QUT

FSV INLET
FSV EXIT
CHAMBER INJ
CHAMBER

STATION
8.P. INLET
B.P. EXIT
PUMP INLET
PUMP EXIT

02 TANK PRESS
POSV INLET
POSV EXIT
OCV INLET
ocV EXIT
PRIMARY [NJ
SECONDARY INJ

CHAMBER
VALVE
4BV
TBV
Fsv
POSV
ocv

* FUEL
DELP MAN 18.20
DELP INJ 103.18
AREA 1.14
FLOW 5.9%

ENGINE STATION CONDITIONS

« FUEL S:STEM CONDITIONS

PRESS TEMP FLOW ENTHALPY

18.8 37.4 5.96 ~107.5%
100.9 38.5 5.96 -10%.0
100.9 38.5 5.96 -103.0
2177.3 0.3 5.96 4.1
2133.8 70.7 2.v. 34.1)
1813.9 3.1 2.%8 36.1
3487.5 90.9 2.98 123.8
“762.3 110.4 2.% 210.3
4714.6 110.8 2. 210.3
4131.8 1128.8 2. 3965.9
4090.3 1129.1 0.1% 3965.9
1899.9 1164.8 0.15 3965.9
40%90.3 1i129.1 2.83 3965.9
3612.5 1101.3 2..2 3856.6
3612.5 1101.3 2..3 38%6.6
2011.4 976.9 2.8 3382.46
1990.1 az77.1 .83 3382.6
1970.2 a77.2 2. 3382.4
1947 .4 a74.6 2.e3 3373.1
1942.5 a74.7 2. 3375.1
1923.1 974.B 2.83 3373.1
1911.2 a73.4 2.83 3367.9
1910.4 a73.4 2.83 3367.9

18.6 98,3 0.0048 3398.0
1899 .9 82.1 2.%7 1398.0
1890.¢ g4 2.97 3395.2
1890.4 egl.4 2.97 2398.2
1812.9 73.1 2.8 36.1
1795.8 £08.0 5.9% 1713.8
1795.8 508.0 5.95 1713.8
1750.9 £08.2 5.9% 1713.8
1732.4 508.2 5.95 1713.8
le12.0

n DXYGEN SYSTEM CONDRTION"

PRESS TEMP FLOW ENTHALPY
10.0 inl.? 15.77 sl.l
128.2 Lel.3 15.77 61.5
125.2 15.27 6l.5
Zel2.1 15.77 70.1
16.0 .86 204.8
2586.0 S.17 70.1
1795.0 5.17 70.1
2%86.0 20.95 70.1
1811.7 I0.55 70.1
1762.1 S.17 70.1
1775.2 10.55 70.1
1612.0
JALVE DATA
e kTeNaNN

DELTA P “REA FLOM X BYPASS
1I8. R 2. “9.98
2130, *.009 0.1% .02

5. 1,553 5.%5

S0, 1,032 S.17

TG 3,196 20.%%

IN.ECTIR DATA
..... PR T
- « OXID »
TR IMARY SECOND
iB. 14
163.21
0.43
10.5%

DENSITY
%.37

DENSITY
71.17
71.20
71.20
71.65

0.12
71.61
70.28
71.61
70.41
70.32
70.35
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TABLE 49. — ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER
ENGINE 100% OF DESIGN THRUST LEVEL (CONTINUED)

* TURBOMACHINERY PERFORMANCE DATA #

* H2 BOOST PUMP »

sandNBREARERNDEERS

® H2 BOOST TURBINE #

EFFICIENCY 0.857 EFFICIENCY 8.765
HORSEPOWER 8. HORSEPOWER 8.
SPEED (RPM) 46158. SPEED  (RPM) 46158,
MEAN DIA  (IN) 1.90 S SPEED 3039.
SFF AREA (IN2) 1.45 HEAD (FT) 2703.
use (1DEAL) 0.512 D1A. (1N} 2.18
MAX TIP SPEED 82, TIP SPEED «39.
STAGES 1. vOoL. FLOM 609.
SELTA K (ACT) a5 HEAD COEF 8.452
GAMMA 1.43 FLOW COEF 0.201
°RESS RATIO (T/T) 1.01

PR xnwna

* H2 TURBINE * " HZ2 PO =

EEAAAEERERANSN ENNENEBRABE N

STAGE | STAGE 2 STAGE OME STAGE TWD STAGE THREE

AREEREA ewANRAN THUANGERT NABENNANE BRAERANAANE
EFFICIENCY 0.805 0.808 EFFICIENCY 0.642 0.621 0.626
HORSEPOKER 950. %8, HORSEPOWER 1155, 378. 165,
SPEED {RPM) 124983. 1024983, SPEED (RPM} 124983, 124983, 124983.
MEAN DIA (1IN} 3.47 3.47 S SPEED 731, 730. 766,
EFF AREA [IN2) 0.21 0.26 HEAD (FT) 68642, 43325, «2101.
J/C (IDEAL} 0.493 0.49¢4 DIA. (IN] 3.49 3.02 3.0z
MAX TIP SPEED 1895. i895. TIP SPEED 2012. 1647, 1647.
CELTA H 237. 237, VOL. FLOW €13, 107, 306.
GAMMA tACT) 1.63 1.43 HEAD COEF 0.544 0.514 0.499
PRESS RATIODIT/T 1.33 1.35 FLOW COEF 0.9 8.092 0.093

# 02 BOOST TURBINE = * 0 BOOST PumMP =

AENNANARN RN NAE R Ry sensseRNRAREARRRES

EFFICIENCY 0.8%9 EFFICIENCY 0.764
HORSEPOWER 21, HORSEPOWER 21,
SPEED (RPM) 12324, SPEED (RPM) 12324.
“EAN DIA (IN) 5.29 S SPCED 024
ZFF AREA (IN2) 2.32 HEAD (FT) 26l
JsC ({IDEAL) 0.512 DIA. (IN} Q.44
MAX TIP SPEED 280. TIP SPEED 131.
STAGES i VOL. FLOW 226.
CELTA H [(ACT) 5.12 HEAD CCEF 8.451
SAMMA 1.e3 FLOW COEF 0.200
°RESS RATIO (T/T) 1.01

[EEITTTTIT I Y

# 02 TURBINE = =02 P s

MANNAEE R AR IR YY)
ZFFICIENCY 0.80e EFFICIENCY e.740
~ORSEPOWER “38. HORSEPOWER 438.
ZPEED (RPM) 74008. JPEED (RPM) 74008 .
“EAN DIA {IN) 3.67 5 GPEED 1870.
ZFF AREA (IN2) 0.7% HEAD (FT3 “%76.
./C {IDEAL} 0.430 JIA. (IN) 1.920
MAX TIP SPEED 11z, TiP SPEED alS.
JTAGES . VoL . FLOW 224.
TELTA H acm) 109.27 ~EAD COEF 8.423
SaMMA 1.3 FLCW COEF 0.157
CRESS RATIO (T/T7) HE

Gt AL Tode 15
OF POGH £
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TABLE 50. — ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER
ENGINE 50% OF DESIGN THRUST LEVEL

ENGINE PERFORMANCE PARAMETERS

MRRN NN RN NN AN N AR AR AR R RANN N AR

CHAMBER PRESSURE B801.9
VAC ENGINE THRUST 10000.
DEL. VAC. ISP 479.7
TOTAL ENGINE FLOW RATE 20.8
THROAT AREA 6.066
NOZZLE AREA RATIO 1000.0
ENGINE MIXTURE RATIO 6.00
CHAMBER/NOZZLE COOLANT DP 547,
CHAMBER/NOZZLE COOLANT DT 730.
ETA C» 0.993
CHAMBER/NOZZLE Q 6340.

ENGINE STATION CONDITIONS

MR MR N RRIR N NN KR RERNERT RN R AN RN

* FUEL SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 2.98 -107.5 %.37
B.P., EXIT 66.0 38.2 2.8 -104.% 4.38
PUMP INLET 66.0 38.2 2.98 -104.5 4.38
15T STAGE EXIT 1345.6 60.5 2.98 -13.0 6.27

JBV INLET 1343.4 60.6 0.66 -13.0 6.2

JBY EXIT 908.0 63.3 0.56 -13.0 3.89
2ND STAGE EXIT 1998.7 71.4 2.33 33.1 4.25
PUMP EXIT 2627.5 Bl.8 2.33 77.3 4.26
COOLANT INLET 2597.6 82. 2.33 7.3 6.22
COOLANT EXI1T 2050.2 B1l1.8 2.33 2803.9 0.45

TBV INLET 2014.9 BiZ. 0.71 2803.9 0.44

TBV EXIT 997.3 B18.4 0.71 2B03.9 0.22
LOX TRB IMLET 20i14.9 B812.0 1.81 2B03.9 .44
LOX TRB EXIT 1788.8 792. 1.61 27131.2 0.40
HZ TRB INLET 1788.8 792. 1.61 2731.2 0.40
HZ2 TRB €XIT 1051.3 712.3 1.61 2431.9 0.2
H2 TRB DIFF 10¢1.7 712.4 1.61 2431.9 0.2
H2 BST TRB IN 1032.9 712, 1.61 2431.9 0.26
H2 BST TRB EXIT 1022, 710.9 1.81 2426.4 0.2
HZ BST TRB DIFF 1020.4 710.9 1.81 2626.4 0.2
02 BST TREB IN 1011.8 711.0 1.41 2426.4 0.26
02 BST TRB EXIT 1006.4 710.2 1.61 2423 .4 0.26
02 BST TRB DIFF 1006.1 710.2 1.81 2423 .4 0.26

H2 TANK PRESS 18.6 749.3 0.0032 2540.0 0.0047
GOX HEAT EXCH IN 997.3 743.4 2.32 2540.0 0.26
GOX HEAT EXCH OUT 989.1 743.0 2.32 2538.2 0.24
MIXER HOT IN 989.1 743.0 2.32 2538.2 0.2¢
MIXER COLD IN 908.0 63.3 0.66 -13.0 3.89
MIXER OUT 907.1 584.2 2.98 1976.3 0.28
FSV INLET 907.1 584.2 2.98 1976.3 0.28
FSy EXIT 881.4 584.3 2.8 1976.3 0.27
CHANBER 1NJ 871.8 584.3 2.98 1976.3 0.27
CHAMBER 801.9

® OXYGEN SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMNLET 16.0 162.7 17.90 61.1 71.17
B.P. EXIT 84.3 163.1 17.90 61.3 71.17
PUMP INLET B4.3 163.1 17.50 61.3 71.17
PUMP EXIT 1800.0 172. 17.90 67.9 1.2

02 TANK PRESS 16.0 400.0 0.03 204.8 0.12
POSV INLET 1793.4 172.6 5.20 67.9 71.27
POSV EXIT 989.0 175.6 5.20 67.9 69.97
OCV INLET 1793.4 172.6 12.67 67.9 71.2
ocv EXIT 836.5 176.2 12.47 67.9 69.72
PRIMARY [NJ 954.8 175.7 5.20 67.9 69.91
SECONDARY INJ B830.2 17e.2 2.987 67.9 63.71
CHAMBER 801.9

VALVE DATA
NN RN N

VALVE DELTA P AREA FLOW % BYPASS
JBv 426, 0.023 0.66 22.00
8V 1018. 0.072 0.71 30.63
F3 26. 1.653 2.9%8
POSV 804, 0.032 5.20
ocv 957. 0.073 12.67

INJECTOR DATA

LR RT PR LT
* FUEL » + OXID =

PRIMARY SECOND

DELP MAN 10.08 16.99 3.15%

DELP INJ 5$9.81 152.91 28.32

AREA 1.14 0.08 0.43

FLOW 2.98 5.20 12.67
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TABLE 50.

ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER
ENGINE 50% OF DESIGN THRUST LEVEL (CONTINUED)

EANRAR RN MR RN RM AR N RN NI RN A

x TURBOMACHINERY PERFORMANCE DATA «

RAEA AR RN AR AR RN NN AR AR KU UNRARRNER AN

AR R AR AN NN
* H2 BOOST TURBINE =

BN R A MR NN AN NN

EFFICIENCY 0.784
HORSEPOWER 13.
SPEED (RPM) 30496.
MEAN DIA (IN) 1.90
EFF AREA (IN2) 1.45
usc (IDEAL) 0.512
MAX TIP SPEED 252.
STAGES 1.
DELTA H (ACT) 5.49
GAMMA 1.39
PRESS RATIO (7/T) 1.01
RAXARANIA AR
* H2 TURBINE =
ERAAKEERR A AN
STAGE 1
(XTI EEY]
EFFICIENCY 0.768
HORSEPOWER 347.
SPEED {RPM) 92001.
MEAN DIA (IN) 3.47
EFF AREA (IN2) 0.21
usc (IDEAL) 0.4642
MAX TIP SPEED 1395.
DELTA H 152.
GAMMA (ACT} 1.29
PRESS RATIO(T/T 1.33

EHAR KRR E AR EN NN

= 02 BOOST TURBINE »

RRH AR AR AN NN K NN

EFFICIENCY 0.784
HORSEPOWER 7.
SPEED (RPM) 8074.
MEAN DIA (IN) 5.20
EFF AREA (IN2) 2.02
usc (1DEAL) 0.512
MAX TIP SPEED 183,
STAGES 1.
DELTA H (ACT) 2.92
GAMMA 1.39
PRESS RATIO (T/T) 1.01

ELELITEIT R 12

* 02 TURBINE »

BN A
EFFICIENCY 0.777
HORSEPOKER 166.
SPEED (RPM) 56756.
MEAN DIA (IN) 3.47
EFF AREA (IN2) 0.2%
usc (IDEAL) 0.397
MAX TIP SPEED B860.
STAGES 1.
DELTA H {ACT) 72.74
GAMMA 1.39
PRESS RATIO (7/T) 1.13

STAGE 2
EHRNARN
0.775
336.
92001.
3.47
0.26
0.452
1395.
147,
1.39
1.3%

HAEAEAAARBHARRRNS

¥ H2 BOOST PUMP »

EFFICIENCY 0.675
HORSEPOWER 13.
SPEED (RPM) 30696.
S SPEED 216B.
HEAD (FT) 1560.
DIA. (IN) 2.18
TIP SPEED 290.
VOL. FLOW 306.
HEAD COEF 0.597
FLOW COEF 0.153

RN N AR
* H2 PUMP =

(S ITIT Y]

STAGE ONE STAGE TWO STAGE THREE
REENENARN EREFRARNNRE

KRN

EFFICIENCY 0.602 0.61%
HORSEPOWER 386. 152.
SPEED (RPM) 92001.  92001.
S SPEED 547. 796.
KEAD  (FT) 42849. 22073,
DIA.  (IN) 1.69 3.02
TIP SPEED 1481. 1212,
VOL. FLOW 313. 245.
HEAD COEF 0.629 0.483
FLOW COEF 0.064 0.100
MR TR KRR NN NN
% 02 BOOST PUMP »
RN KRR AR RN RN
EFFICIENCY 0.674
HORSEPOMWER 7.
SPEED  (RPM) 8074.
S SPEED 2129,
HEAD (FT) 138.
DIA. (N 2.44
TIP SPEED 86.
VOL. FLOW 113.
HEAD COEF 0.602
FLOW COEF 0.153
R
" 02 PUMP x
[
EFFICIENCY 0.679
HORSEPOWER 166.
SPEED  (RPM) 56756.
S SPEED 1336,
HEAD (FT) 3466.
DIA. (IN) 1.90
TIP SPEED 472,
VOL. FLOW 113,
HEAD COEF 0.502
FLOW COEF 0.103
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6.620
145,
s2001.
818.
21323.
3.02
1212,
2646.
0.467
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TABLE 51.

ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER
ENGINE 10% OF DESIGN THRUST LEVEL

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE
VAC ENGINE THRUST

DEL. VAC.

1P

TOTAL ENGINE FLOW RATE
THROAT AREA
NOZZLE AREA RATIO

ENGINE MIXTURE RATIO
CHAMBER /NOZZLE COOLANT DP
CHAMBER /NOZZLE COOLANT DT

ETA C

CHAMBER/NOZZLE Q

ENGINE STATION CONDITIONS

158.2
2008.
“78.9
6.2
6.066
1000.8
6.08
216,
786.
0.%93
1748.

STATION
B.P. INLET
B.P. EXIT
PUMP INLET
IST STAGE EXIT
JBV INLET
JBV EXIT
IND STAGE EXIT
PuMP EXIT
COOLANT INLET
COOLANT EXIT
TBV INLET
TBVY EXIT
LOX TRB IMLET
LOX TRB EXIT
HZ TRB IMNLET
H2 TRB EXIT
H2 TRB DIFF
H2 BST TRB IN
H2 BST TRB EXIT
H2 BST TRB DIFF
02 BST TRB IN
02 BST TRB EXIT
02 BST TRB DIFF
H2 TANK PRESS
GOX HEAT EXCH IN
GOX HEAT EXCH OUT
MIXER HOT IN
MIXER COLD IN
MIXER OUT
FSVY INLET
FSV EXIT
CHAMBER INJ
CHAMBER

STATION

INLET
EXIT
INLET
EXIT

2 TAMK PRESS
INLET
POSV EXIT

OCV INLET

NCV EXIT
PRIMARY INJ
SECONDARY [NJ

HAMBER
VALVE
<BV
T8v
F3v
POSV
ocv

+ FUEL
CELP MAN .68
CELP INJ 17.10
AREA 1.14
FLOW J.60

ol

% FUEL
PRESS
18.¢
5.6
25.6
272.9
272.9
187.6
420.5
56X.0
561.0
347.0
333.5

)
3

~

o

F3PD 3PP RS MR
PPOWOe 00 8D —0 DO0E WM w® b

e e P OPD PRI P PY R PSR

R N N e Y M

(SN

187.

178.
158.

* OXYGEN SYSTEM CONDITIONS »

PRESS

SYSTEM CONDITIONS »

‘UW@
oo e e

® @@
o 0 0

TEMP FLOW
37.4 0.60
37.6 0.80
17.6 0.60
45.2 0.60
“5.2 0.00
45.9 0.00
“8.1 0.60
50.8 0.60
50.8 0.60
837.0 0.60
837.1 0.36
837.9 0.36
837.1 9.23
826.7 0.2
826.7 0.2
792.0 0.2
792.0 23
792.0 23
791.5 23
791.5 23
791.5 23
791.3 .23
791.3 .23
821.0 0.0006
.7
-3
.3
.9
.S
.5
.6
6

QOO0 O0O00OOOOBEOOOO0
@
o

819.

TEMP FLOW
182.7 3.59
1s2.8 3.%9
182.8 31.59
167.1 3.59
«00.0 0.01
167.1 2.68
le7.9 2.68
le7.1 0.%0
l1e8.0 0.%0
167.9 .68
[eB.0 0.90

VALVE DATA

IRRTTYTY T Y

ELTA P ARFA FLOMW
8S. 9.200 0.00
s, PR 2.26

T L0833 .60
J1s. 3.2 2.58
5. 1.3.0 a.%0

INJECTOR DATA

Crsantancaeny

¢ X110
SRIMARY SECOND
-9 J.02
~3.41 D.14
1.08 0.43
J.o8 0.9%0
198

ENTHALPY
-197.5
-106.9
-106.9

-88.%
-89.9

ENTHALPY
el.}
sl.l
el.l
3.5

J0k.8
3.5
3.5
3.5
3.5
3.5
$2.%

% BYPASS
0.00
61.09

323332%5¢

CO0OO0OOFAPODDOROOO0O0OCGCGOO
go:
&

DENSITY

o R
oW

a
[V

a -o0o
»H -

S HNAL | L

OF PC

et &

Ui,

g:‘

L

[}
£

b
2 ]

L4

t

*
T

Iy
~2d

PP
=

-

b
d



TABLE 51. — ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER
ENGINE 10% OF DESIGN THRUST LEVEL (CONTINUED)

% TURBOMACHIMERY PERFORMANCE DATA »

ARSBERANERNANAESNNARNNNS EARNANNEARNRAAARRD
* H2 BOOST TURBINE « % H2 BOOST PuMP
ERAANESINANERTANRE NG LELERERLSENRTR RS
EFFICIENCY 0.443 EFFICIENCY 0.4646
HORSEPOHER 1. HORSEPOWER 1.
SPEED (RPM) 10195, SPEED  (RPMI 10195,
MEAN D1A  (IN) 1.90 S SPEED 1162,
EFF AREA (IN2) 1.45 HEAD (FT) 208,
usc (1DEAL ) 0.512 DlA. (IN) 2,18
MAX TIP SPEED 84. TIP SPEED 97.
STAGES 1. VOL. FLOW 61.
DELTA H  [ACT) 1.69 HEAD COEF 2,781
GAMMA 1.41 FLOW COEF 3.092
PRESS RATIO (T/T) 1.01
I I
» H2 TURBINE » « H2 PUMP =
YT [T
STAGE 1| STAGE 2 STAGE ONE STAGE TWO STAGE THREE
CaEENEs  wwEmama AARRNNNNE  NANNARNNE RAKNEESANRE
EFFICIENCY 0.495 0.538 EFFICIENCY 0.415 0.571 0.577
HORSEPOMER 22. 19. HORSEPOWER 22, 10. 9.
SPEED (RPM)  395G1.  39%41. SPEED (RPM) 19541, 39541, 39541,
MEAN DIA (IN) 3.47 3.47 S SPEED 361. 527. 540.
EFF AREA (IN2) 0.21 0.26 HEAD  (FT) 8363. 5061. «%10.
usc { 1DEAL ) 0.231 0.258 DIA.  (IN) 3.69 3.02 z.02
MAX TIP SPEED 599. 599. TIP SPEED 636. s21. 521.
DELTA H 56. 58. VOL. FLOW 6. 84, 6.
GAMMA (ACT) 1.41 1.41 HEAD COEF 0.664 0.600 0.582
PRESS RATIO(T/T 1.33 1.25 FLOW COEF 0.030 2.060 0.062
TP I T RN R RN m AR RN
* 02 BOOST TURBINE » » 02 BODST PUMP =
em RN RN AR MR RS AR NAA AR AN AR
EFFICIENCY 0.435 EFFICIENCY 3.437
MORSEPOWER 0. HORSEPOWER 0.
SPEED (RPM) 2633, SPEED  (RPM) J033.
MEAN DIA  (IN) 5.2 S SPEED 11,
EFF AREA (IN2) 2.02 HEAD (FT) 19.
usc (IDEAL) 0.512 DIA. (IN) 246
MAX TIP SPEED 0. TIP SPEED 8.
STAGES 1. VOL. FLOW RES
DELTA W (ACT) 0.87 HEAD COEF t.790
GAMMA 1.41 FLOW COEF .09
PRESS RATIO (T/T) 1.01
YT PR
* 02 TURBINE » % 02 PUMP =
T [
SEFICIENCY 0.516 EFFICIENCY 3422
~ORSEPOWER 2. HORSEPOWER 12.
“PEED (RPM} 26519. SPEED  (RPM) 13519,
MEAN DIA  (IN) 2.47 3 SPEED 333,
EFF AREA (IN2) 0.2 HEAD (FT) 309.
usc {1DEAL) 0.212 DIA. (IN) .90
MAX TIP SPEED <02, TIP SPEED 120,
STAGES 1. YOL. FLCW 21,
DELTA H  (ACT) I7.18 HEAD COEF 1512
5AMMA 1.41 FLOW COEF >.064

PRESS RATIO (T/T})
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TABLE 52. — ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER
ENGINE 5% OF DESIGN THRUST LEVEL

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 78.¢
VAC ENGIME THRUST 1000.
DEL. VAC. ISP 478.5
TOTAL ENGINE FLOMW RATE 2.1
THROAT AREA 6.066
NOZZLE AREA RATIO 1000.0
ENGINE MIXTURE RATIO 6.00
CHAMBER /MBZZLE COOLANT DP 96.
CHAMBER /NOZZLE COOLANT DT 891.
ETA Cn 0.993
CHAMBER /NOZZLE Q 980.

ENGINE STATION CONDITIONS

« FUEL Z¥GTEM CONDITIONS v

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 7.4 0.30 -107.5 4.37
B.P. EXIT 21.3 17.5 0.30 -107.2 4.3
PUMP INLET 21.2 17.5 0.20 -107.2 4.36
IST STAGE EXIT 128.5 41.9 0.10 -93.7 6.2

JBV IMLET 128.5 41.9 0.00 —e3.7 «.28

JBV EXIT 95.2 Azt 0.00 -93.7 .2
2ND STAGE EXIT 195.0 43.4 0.30 -88.0 4,26
PUMP EXIT 259.3 4.8 0.50 -82.5 4.22
COOLANT INLET 258.8 4.8 0.30 -82.5 4.22
COOLANT EXIT 162.8 a36.2 0.30 3197.0 0.93

TBV INLET 1564.8 @36.3 0.2 3197.0 0.83

TBY EXIT 111.5 936.6 0.2 3197.0 0.02
LOX TRB INLET 156.8 $36.3 0.09 3197.0 .03
LOX TRB EXIT 144.0 az9. 1 0.09 3171.8 .03
H2 TRB INET 166.0 a29.1 5.09 3171.8 0.03
W2 TRB EXIT 114.8 ag6.5 0.09 3092.6 0.2
H2 TRB DIFF 114.4 206.5 0.09 3092.6 0.0
M2 BST TRB IN 1141 206.5 0.09 3092.6 0.02
Hz BST TRB EXIT 113.7 006.2 0.09 3081.6 0.82
H2 BST TRB DIFF 113.6 a06.2 0.09 3091.6 0.02
2 BST TRB IN 113.3 a06.2 0.09 2091.8 0.02
02 BST TRB EXIT 113.1 206.1 0.09 3091.1 0.92
o2 8ST TRB DIFF 115.1 206, 1 0.09 3091.1 0.6

H2 TAMK PRESS 18.6 azz.7 0.0003 3163.9 0.0038
GOX HEAT EXCH IN  111.5 27,1 0.20 I163.9 .02
OX HEAT EXCH GUT 110.0 ate.7 5.10 3162 0.02
“TXER HOT IN 110.0 a26.7 0.30 3162 .02
MIMER COLDP IN 95.2 w21 .00 ~93.7 6.2z
wiXER OUT e5.2 226.8 0.30 3162.5 0.02
Fsv INLET 95.2 als.8 2.:60 I162.5 0.02
FSV EXIT 9.2 °25.8 0.30 3162.5 .02
CHAMBER INJ 8.8 226.8 0.10 I162.5 0.02
CHAMBER 8.5

® OXYGEN SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
3.p. INLET 16.0 162.7 .79 61.1 7.1z
5.p. EXIT 19,5 12,7 170 6.1 71.16
PUMP INLET 19.6 2.7 1.9 61.1 71.16
PUMP EXIT 196.1 165.2 1.79 62.4 70.91

02 TANK PRESS 16.0 400.0 530 204.8 .12
POSV INLET 196.0 165.2 L §2.4 70.91
PosV EXIT 100.4 {a5.0 1,79 32.6 70.7%
cov INLET 196.0 165.2 3.00 2.4 70.91
oy EXIT 8.6 135.0 2.50 02.4 i0.72
SRIMARY INJ 96.4 (650 1.re 62.6 70.75
SECONDARY INJ 8.6 35.9 .00 §2.4 79.72
ZHAMBER 8.6

VALVE DATA
JALVE Tl TA P AREA FLOW % BYPASS
SBY iz L300 3.00 .00
rav al A 3.21 +8.78
=5V “. 553 3. 2a
POSY . a2 L)
SCV L. 0,200 3.00
iE TR DATA
« FUEL v « OoxiD «
DRy ZECOND

CELP MAN 1,51 - .60
JELP INJ a.73 T 3.00
ZREA 1.14 o .43
“LOW 0.30 Lo .20




TABLE 52.

ORNEg -
[ o :r’}_/. . P

Ry A

ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER
ENGINE 5% OF DESIGN THRUST LEVEL (CONTINUED)

# TURBOMACHIMERY PERFORMANCE DATA n

MK NN RN RS NN AR RE AN

* H2 BOOST TURBIMNE «

EFFICIENCY 0.314
HORSEPOWER 0.
SPEED (RPM) 6152.
MEAN DIA  (IN) 1.90
EFF AREA (IN2) 1.45
usc (1DEAL) 0.512
MaX TIP SPEED 51.
STAGES 1.
DELTA H  {aACT) 0.97
GAMMA 1.63
PRESS RATIO (T/T) 1.0

AR AR

* H2 TURBINE 2

AR R AR

STAGE 1
aRANANRSE

EFFICIENCY 6.370
HORSEPOMER 6.
SPEED (RPM)  25943.
MEAN DIA  (IN) 3.47
EFF AREA (IN2) 0.21
usc (1DEAL) 0.163
MAX TIP SPEED 393.
DELTA H 43,
GAMMA (ACT) 1.43
PRESS RATIO(T/T 1.33

ARERANNAURNAAAS NN NRR
x 02 BOOST TURBINE =

AERAa AR R ARARR NN NS

EFFICIENCY 0.307
HORSEPOWER a.
SPEED (RPM) 1579.
MEAN DIA (IN) 5.20
EFF AREA  (IN2) .02
usc (IDEAL) 0.512
MAX TIP SPEED 6.
STAGES 1.
DELTA H (ACT) 0.49
GAMMA 1.43
PRESS RATIO (T/T) 1.01

AN A RN

% 02 TURBINE «

ELTLEEE TR R TR
EFFICIENCY 0.383
HORSEPOWER 3.
CPEED (RPM} 17635.
MEAN DIA (1IN 3.47
EFF AREA  (INZ) 0.25
UsC (IDEAL) 9.167
MAX TIP SPEED 267,
STAGES i.
DELTA H tACT) ’5.18
GAMMA 1.63
PRQESS RATIO (T/T) 1.07

STAGE 2
anupsun
0.417

5.
25943.
3.47
0.26
0.188
393.
36.
1.43
1.3%

% H2 BOOST PUMP =

EREEEARAANNREN
EFFICIENCY
HORSEPOWER

SPEED (RPM)

S SPEED
HEAD

DIA.

T1P SPEED
VOL. FLOW
HEAD COEF
FLOW COEF

(FT)
(IN)

AR NN
* H2 PUMP =

STAGE ONE

T ETLTE]
EFFICIENCY 0.340
HORSEPOMER 6.
SPEED (RPM} 25943,
5 SPEED 314,
HEAD (FT) 3590.
DIA. {IN) 3.69
TIP SPEED 418.
VOL. FLOW i1,
HEAD COEF 0.682
FLOW COEF 0.023

AMRARR RN R RN
% 02 BOOST PUM
PTELLLLLLL L]

EFFICIENCY

HORSEPOWER

SPEED (RPM)

S SPEED

HEAD

Dla.

TIP SPEED

VOL. FLOW

HEAD COEF

FLOW COEF

(FT)
(IN)

AN MR RN
« 02 PUMP »
TR

EFFICIENCY

HORSEPOWER

SPEED  (RPM)

S SPEED

HEAD

DIA.

TIP SPEED

YOL. FiOW

HEAD CCEF

FLOW CCEF

(FT)
(IN)

20t

T
0.376
0.
6152.
1187.
88.
2.18
8.
3.
0.878
0.076

STAGE TWO STAGE THREE
KANNEENNT ANAABEEANRN

0.508 0.51%
2. 2.
25943, 25943,
446 ©57.
2254, 21%0.
3.02 3.02
342. I42.

312 »
I2. 2.

.62 0.603
. 046 0.046

oo

ann
P x
ann
0.369
0.
1579.
11B8.
7.
2.44
17.
il
0.8I9
.078

o



TABLE 53. — ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 100% OF DESIGN THRUST LEVEL

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1763.%
VAC ENGINE THRUST 20008.
DEL. VAC. ISP <80.8
TOTAL ENGINE FLOM RATE «1.7
THROAT AREA 5.547
NOZZLE AREA RATIO 1000.9
ENGINE MIXTURE RATID 6.00
CHAMBER /NOZZLE COOLANT DP B4,
CHAMBER /NO2ZLE COOLANT DT 503.
ETA C» 0.993
CHAMBER/NOZ2LE Q@ 11390,

ENGINE STATION CONDITIONS

O Y Y Y Ty

» FUEL SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DEMSITY
B.P. IMLET 18.6 37.4 5.96 -107.5% 4.37
B.P. EXIT 100.2 8.5 5.96 -103.0 4.39
PUMP INLET 100.2 8.5 5.96 -103.0 ©.39
iST STAGE EXIT 1877.6 83.7 5.96 8.5 4.62
IND STAGE EXIT  2643.0 87.7 5.96 118.3 4.47
PUMP EXIT 5403.2 110.6 5.96 22601 4.5
COLD REGEN IN 5349.1 1.1 5.6 226.1 6.52
COLD REGEM EX 5295.6 255.4 5.96 875 2.73
COOLANT IMLET 52956 255.4 5.9 575 2.73
CODLANT EXIT 4621.6 758.6 5.9 R K 0.%
TBY INET 4377.3 758.9 0.31 2668.9 0.95
TBY EXIT 2035.2 773.8 0.31 2668.9 0.47
LOX TRB INLET 4377.3 758.9 5.65 2668.9 0.9
LOX TRB EXIT 3978.6 744.7 5.65 2608.9 0.89
H2 TRB INLET 3978.6 746.7 5.65 2608.9 0.89
H2  TRB EXIT I162.4 657.7 5.65 2261.7 0.58
HZ TRB DIFF 2131.1 657.8 5.65 2261.7 0.57
H2 BST TRB IN 2109.8 $58.0 S.68 o617 0.56
42 BST TRE EXIT  2090.5 $56.7 5.65 2287.0 0.56
M2 BST TRB DIFF  2077.0 $56.8 5.55 2287.0 0.56
02 BST TRB IN 2056.3 556.9 5.65 2287.0 0.55
02 BST TRB EXIT  2046.9 256.2 5.65 22544 0.5
02 BST TRB DIFF  2045.4 856.3 5.65 22564 0.55
H2 TANK PRESS 18.6 573.5  0.0071 22758 2.0082
GOX HEAT EXCH IN 203S5.0 082.4 5.85 2215.8 3.54
GOX HEAT EXCH OUT 2026.0 $62.0 5.65 2276.4 0.54
“OT REGEN IN 2026.0 $62.0 5.65 2274.4 0.54
“OT REGEN EX 1965.4 507.3 S.65 1714.0 .67
FSV INLET 1965.4 520.9 5.95 1763.4 .56
FSV EXIT 1916.2 §21.1 5.95 1763.4 0.s4
CHAMBER INJ 1897.1 5c1.2 5.95 1765.6 3.83
CHAMBER 17635.5
* OXYGEN SYSTEM CONDITIONS =
STATION PRESS “cMp FLOW ENTHALPY CENSITY
3.P. INLET 15.0 1e2.7 :5.77 al.l Tiaz
3.P. EXIT 124.9 153.3 35.77 61.5 7120
ouMP INLET 124.9 183.3 35.77 61.5 71.20
PUMP EXIT °882.9 176.1 15.77 78.9 71.70
02 TANK PRESS 16.0 <00.0 2.0 2064.8 3.12
POSV INLET 2824.3 176.2 8.55 70.9 Tl.08
POSV EXIT 2209.8 i78.2 B8.55 0.9 70.86
SCV INLET 2824.3 176.2 27.16 0.9 T1.65
2CV EXIT 1935.8 iiels 27.18 6.9 re.27
PRIMARY 1NJ 2210.2 178.8 a.55 70.9 70.70
CECONDARY INJ 19053 iraL7 27.1s 0.9 f0.22
“HAMBER 1763.8
VALVE DATA
PR
JALVE CELTA P AREA FLOW % BYPASS
3v 2zaz. 2.016 0.31 5.17
s IR 1.528 5.95
oSV 516. - 267 9.58
v 387. 3. 1sl 27.16
INJECTCR DATA
« FLEL o - OXID =
PR IMARY SECOND
MAN IH “9.57 15.71
INJ 13.29 s 141.36
1.08 3. 9.61
5.9 8.55 27.16

202 ORMGINAL FAQE IS
OF POOR QUALITY



TABLE 53. — ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 100% OF DESIGN THRUST LEVEL
{(CONTINUED)

® TURBOMACHINERY PERFORMANCE DAYA #

ARBENEAE BENRPERAANBENN AR AN
ERARANAR N ANEED AN EAS ENEARERAERRAANEES
* M2 BOOST TURBINE = = H2 BOOST PUMP
ANNNRNBERRAAARAANANS LAY RN RN 2 2s )]
EFFICIENCY 0.7927 EFFICIENCY 0.766
HORSEPOWER 8. HORSEPOWER 38.
SPEED (RPM) 45998. SPEED (RPM) 45998.
MEAN DIA (IN) 1.30 S SPEED 3067.
EFF AREA (IN2) 2.4 HEAD {FT) 26B2.
usc (IDEAL) 0.478 DIA. (IN) 2.18
MAX TIP SPEED 260. TIP SPEED 437,
STAGES 1. VOL. FLOW 609.
NELTA H facT) 6.75 HEAD CCEF 0.451
GAMMA 1.35 FLOW COEF 0.201
PRESS RATIO (T/T) 1.01
NERM RN AR R wamAnARARAS
* H2 TURBINE « * HD? PUMP =
ANAAR AR AAEmE RN
STAGE 1 STAGE 2 STAGE ONE STAGE TWO STAGE THREE
aENuNes menumam ERNRNRARE  MRENENEAA EANMRERRNRA
EFFICIENCY 0.841 0.88 EFFICIENCY 0.668 0.669 0.670
HORSEPOWER 1388. 1287. HORSEPOMER 941. 925. 909.
SPEED (RPM)  124911. 1264911). SPEED (RPM) 126911, 124911, 126911,
MEAN DIA (IN) 2.78 2.7m8 S SPEED 22. 826. 831.
EFF AREA (IN2) 0.31 0.40 HEAD {FT) 58078. §7176. $6217.
usc (IDEAL) 0.471 0.487 DIA. (IN) 3.43 3.43 3.43
MAX TIP SPEED 1515. 1515. TIP SPEED 1869. 1869. 1868 .
DELTA H 174. 173. vOL. FLOW 605, 599. 589.
GAMMA [ACT) 1.3% 1.38 HEAD COEF 0.535 0.527 0.518
PRESS RATIO(T/T 1.34 1.37 FLOW COEF 0.099 0.099 0.09%
NENARE R AR MR E R R ARREREE AR RENN NN
« 02 BOOST TURBINE « * 02 BOOST PUMP «
AR AR AANARRER RN NN
EFFICIENCY 0.863 EFFICIENCY 0.764
HORSEPOWER 20. HORSEPOWER 20.
SPEED (RPM} 12318, SPEED (RPM) 12315.
MEAN Dla [IN) I.e8 3 CPEED Iols.
EFF AREA [IN2) I.00 HEAD (FT) 2641,
usc tIDEAL) 0.514 DIA. CIN3 2.644
MAX TIP SPEED 198. TIP SPEED 131.
GTAGES 1. vOL. FLOMW 22
DELTA H (ACT) 2.5e HEAD COEF 08.450
GAMMA 1.28 FLOW COEF 0.201
PRESS RATID (T/T) 1.00
YR ITTIITY IEYTELLII L
* 02 TURBINE = * 02 PUMP »
AANA AN FELLLIITILL
EFFICIENCY 0.852 EFFICIENCY 0.729
HORSEPOWER “«80. HORSEPOWER 480.
SPEED (RPM) 76913, SPEED (RPM) 76933.
MEAN DIa {IN) 2.78 5 GPEED 1813.
ZFF AREA  (IND) 3.43 HEAD (FT) 5457.
usc {IDEAL) .49 DlaA. {IN) 1.92
MAX TIP SPEED a3, TIP SPEED 6446 .
STAGES 1. YOL . FLOW 2264.
CELTA H (ACT 0d.04 HEAD COEF 0.422
SAMMA 1.I% FLOW COEF 0.154
PRESS RATIO (T/T) 1.10

REGENERATOR DATA

ceERENAsETEIR RS

IOLD SIDE =0T SiDE
DELP 53.62 50.0l
CELT 15624 -1%4.70
AREA .41 1.48
FLOMW 5.96 5.05
SFFECTIVENESS 2.28
NTU J.40
ZRATIO 0.83
CMIN 18.47
REGEN Q il6e.75

r 3~

Cour

. .
L.l({n 'JL‘*«“.&- L

GF PCOR QUALITY

203



TABLE 54.

ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 50% OF DESIGN THRUST LEVEL

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 877.%
VAC ENGINE THRUST 10009,
DEL. VAC. [SP “79.9
TOTAL ENGINE FLOW RATE 20.8
THROAT AREA 5.567
NOZZLE AREA RATIO 1000.8
ENGINE MIXTURE RATIO 6.08
CHAMBER /NOZZLE COOLANT DP 703.
CHAMBER /NDZZLE CDOLANT DT 590.
ETA Cn 0.993
CHAMBER /NDZZLE Q 6520,

STATION

B.P. IMLET

B.P. EXIT

PUMP INLET

1ST STAGE EXIT

2ND STAGE EXIT

PUMP EXIT

COLD REGEN IM

COLD REGEM EX

COOLANT TNLET

COOLANT EXIT
TBY INLET
TBV EXIT

LOX TRB INLET

LOX TRB EXIY

H2 TRB IMLET
TRB EXIY
TRB DIFF
8ST TRB IN
BST TRB EXIT
BST TRB DIFF
BST TRB IN
BST TRB EXIT
BST TRB DIFF

H2 TANK PRESS

GOX HEAT EXCH IN

OO0 IIXTIIX
F3 P3PPI TP RO

GOX HEAT EXCH DUT

HOT REGEN IN
HOT REGEN EX
F3V O INLET
FSV EXIT
CHAMBER 1NJ
CHAMBER

STATION
B.P. INLET
B.P. EXIT
PUMP INLET
PUMP EXIT

2 TANK PRESS
POSY INLET
POSV EXIT
OCV INLET
OCV EXIT
PRIMARY INJ
TECONDARY INJ
CHAMBER

VALVE
BV
7oV
205V
acv

JELP MAN il
CELP INJ °8
AREA 1
ELOW z

.35
.07
.0s
.98

ENGINE STATION CONDITIONS

NN EN NG AN N AN R U NANAARS N NRAY

» FUEL SYSTEM CONDITIONS »

PRESS TEMP FLOK ENTHALPY
18.6 37.4 2.98 -197.%
52.5 37.9 2.98 -105.6
52.5 7.9 2.98 -105.6

896.4 s1.0 2.98 -50.2

17261 3.4 2.98 .9

2535.4 75.3 2.98 , Se.7
2521.4 75.4 2.98 Se.7
2s02.1 262.1 2.98 751.9
a502.1 262.1 2.98 751.9

1799.1 8%1.6 2.98 2931%.4

1770.9 851.8 0.9 2939%.4

1018.3 856.6 0.94 2939.4

1770.9 8st.8 2.0¢6 2939.4

1628.9 839.0 2.04 28987

1628.9 839.0 2.06 28ve.7?

1057.4 775.5 2.06 265&.1

1047.6 775.6 2.06 26561

1041.1 775.6 2.06 2656.1

1035.1 774 .8 2.0¢ 2651.2

1030.9 774.9 2.06 2651.2

1026.7 774.9 2.06 2651.2

1021.8 774.5 2.0¢ 2669.7

1021.4 774.5 2.06 26697
18.6 806 .6 0.0030 J740.7

1018.3 800.2 2.06 2740.7

1015.5 799.8 2.06 2718.7

1015.5 790.8 2.06 crza.?

996.7 514.2 2.04 1704.9

996.7 ©l20.3 2.98 J106.5

267.6 0l0.4 2.8 2106.5

956.8 6l0.5 2.98 2106.5

877.4

* DXYGEM SYSTEM CONDITIONS =

PRESS TEMP FLOW ENTHALPY
ls.0 162.7 17.90 ol. 1
64.7 103.0 17.90 6i.2
4.7 103.0 17.90 sl.2
1571.% -8 17.90 6.8
16.0 .0 0.02 204.8
1564.3 .9 .87 oo .8
1220.4 L1 6.87 6.8
1504.,3 iTs.9 11.20 bve.8
305.8 173.2 i1.30 6e.8
1166.0 172.32 v.87 a6 B
900.7 172.2 11.00 56.8
877.6
JALVE DATA
canmuensun

DELTA P IREA FLOW % BYPASS
o9 0.%4 21.e2

N 8 2.8

) Jo o.87

a5 376 11.30

TGUECT TRODATA

femedacoackan

. . 1D e
SR IMAR Y SECOND
I2.Cx 2.57
- ) 2I.1s
3.37 0.41
0.8 11.00

204

DENSITY

4 LR N
M b by e e
RIS

»
»

! h
BRELSLE

]

&

&

r3

»

DO EeDUOOOeOO0BOa~DARSR

ba Pa by By o By b
&

>

o
ooceoao
«iriab §
[ P

"

i

DEMSITY
71.12
71.18
71.18

7.2

71.24
70.80
71.2%6
70.27
Tp.70
70.06

ORIGINAL pAGE IS
OF POOR QuaLiTy



TABLE 54.

ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 50% OF DESIGN THRUST LEVEL
(CONTINUED)

R RSN EAR RN R AN AR AR N AR NN

* TURBOMACHINERY PERFORMANCE DATA w

FaNENEEANN
" H2 BOOST TURBINE »

EFF ICIENCY 0.648
HORSEPOWER 8.
SPEED (RPM} 27083.
MEAN DIA  (IN} 1.30
EFF AREA (INZ) 2.49
usc { IDEAL) 0.478
MAX TIP SPEED 153.
STAGES 1.
JELTA H  (ACT) 2.87
GAMMA 1.45
PRESS RATIO (T/T) 1.0t

AnnNeNAR NN

* H2 TURBINE *

e

STAGE 1
R pp——-

EFF ICIENCY 0.690
HORSEP OWER 363,
SPEED (RPM)  B1622.
MEAN DIA (IN) 2.78
EFF AREA (INZ) 0.31
usc {1DEAL) 0.328
MAX TIP SPEED 990.
DELTA H 125.
GAMMA (acT) 1.45
PRESS RATIO(T/T 1.36

AERAASNEARCEARAENNDE

« 0 BOOST TURBINE »

NAMARTRNAA NSRS

EFFICIENCY 0.701
HORSEPOWER 4.
GPEED (RPM) 7188.
MEAN DIA (IN} 3.e8
EFF AREA  (IN2) 3.80
us/c (IDEAL) 0.514
MAX TIP SPEED 115,
STAGES 1.
JELTA H (ACT) 1.52
GAMMA 1.45
PRESS RATIOQ (T/T) 1.00
AARANERANSREE
*» 02 TURBINE 1
NResERAREc e
EFFICIENCY 0.70¢
HORSEPOWER 1al.
JPEED (RPM) 53400.
MEAN OIA (IN) 2.78
FFF AREA (IN2} 0.43
34C (IDEAL ] Q.348
MAX TIP SPEED oiB.
STAGES e
ZELTA H tacT) 48.72
SAMMA 1.45
TRESS RATIO (79T 1.9
REGENERATOR
cawNEmanEny
coup SI [alt]
DELP 13,24
TELT 13a.70 -
AREA .41
SLOW I.98
TFFECTIVENESS 2.39
NTU B.62
TRATIO 2.65
TMIN .26
REGEN Q 2272.0%

STAGE

0.713
321,
81622,
2.78
0.40
0.3%4¢
990.
111.
1.45
1.37

DATA

“annw
SiDE
18.84
285.59
1.46
.04

1Y)
® H2 BOOSY PUMP =

RN

EFFICIENCY 0.729
HORSEPOWER 8.
SPEED (RPM} 27083.
S SPEED 2454,
HEAD (FT) 1115.
DIA. (IN) 2.18
TIP SPEED 257.
VOL. FLOW 306.
HEAD COEF 0.541
FLOW COEF 0.172

PETT T
¥ M2 PUMP =

CavimBuMnu

STAGE ONE  STAGE

RN K
EFFICIENCY 0.646 G.649
HORSEPOWER 233. 228.
SPEED (RPM) 81622, Blez2.
S SPEED 663 . 673.
HEAD (FT) 27819, 27316,
DIA. CIN) 1.43 3.43
TIP SPEED 122 1221.
VOL. FLOW 307. 307.
HEAD COEF 0.600 0.589
FLOW COEF 0.07s 0.078

T
x 02 BOOST PUMP x
MR ARA AR AR RN

EFFICIENCY ]

HORSEPOWER

SPEED

S SPEED N

HEAD (FT)

Dla. CIN}

TIP SPEED

vOL. FLOW

~EAD COEF

FLCW COEF I,

AMERE AN

« 02 PUMP «

R T T

EFFICIENCY J.

HORSEPOWER
SPEED (RPM) 52
3 GPEED 1
~£al (FT) z
ClAa. CING
Ti? SPEED
YOL. FLOMW
~£AD COEF
“LOW CCEF

205

{RPM) o

w oo

729

TWO STAGE THREE
AARNANAAE BRABANRNA NN

0.652

ORIGINAL PAQGE 1S
OF POOR QUALITY



TABLE 55.

ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 10% OF DESIGN THRUST LEVEL

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 17351
VAC ENGINE THRUST 2000.
DEL. VAC. ISP 479.0
TOTAL ENGINE FLOW RATE 6.2
THROAT AREA 5.547
NOZLE AREA RATIO 1000.8
ENGINE MIXTURE RATIO 5.08
CHAMBER /NOZZLE COOLANT DP 142.
CMAMBER/NOZZLE COOLANT DT asl.
ETA Cn 0.9%93
CHAMBER/NOZZLE Q 1808.

STATION

1ST STAGE EXIT
2ND STAGE EXIT
PUMP EXIY
COLD REGEN 1IN
COLD REGEN EX
COOLANT INET
COOLANT EXIT
TBV INLETY
TBV EXIT
LOX TRB INLET
LOX TRB EXIT
H2 TRB INLET
HZ TRE EXIT
H2 TRB DIFF
H2 BST TRB IN
H2 BST TRB EXIT
M2 BST TRB DIFF
02 BST TRB IN
02 BST TRB EXIT
02 BST TRB DIFF
H2 TANK PRESS
GOX HEAT EXCH IN
GOX HEAT EXCH OU
HOT REGEN IN
HOT REGEN EX
FSV INLET
FSV EXIT
CHAMBER INJ
CHAMBER

STATION
B.P. IMNLET
B.P. EXIT
PUMP INLET
PUMP EXIT

02 TANK PRESS
POSV INLET
POSV EXIT
OCV INLET
ocv EXIT
PRIMARY INJ
SECONDARY INJ
CHAMBER

VALVE
TBY
FSV
POSV
ccv

+ FLEL

DELP MAN
ZELP INJ
AREA
FLOM

Q— ot

T

.98

12

.05
.60

ENGINE STATION CONDITIONS

ARANENNMNRERARARRAARERRNRANERERN

# FUEL SYSTEM CONDITIONS =

PRESS TEMP FLOM ENTHALPY
18.5% i7.6 0.60 -107.5
22.7 7.4 0.60 -107.2
22. I7.4 3.60 -107.2

162.8 411 0.60 -95.0

299.4 46.2 0.80 -81.1

“32.3 «7.3 0.60 ~-71.6

431.7 47.3 0.60 -71.6

428.9 2767 0.60 Bl6.4

428.9 276.° 9.60 8lé6.4

2B6.9 1118.1 0.60 831.7

277.9 1118.2 0.37 3831.7

207.8 1118.7 0.37 831.7

217.9 1118.2 0.2 ig3l.7

263.3 1112.0 0.2 i809.7

263.3 1112.0 0.2 1809.7

211.2 1085 .8 0.23 inr.e<

210.3 1085.8 0.2 3717.4

209.7 1085.8 .23 3717.4

209.2 1085.6 0.2 3716.5

208.8 1085.6 0.2 3716.5

208.3 1085.6 .23 371¢.5

208.1 1085.5 8.2 3716.1

208.0 1085.5 0.23 3716.1
18.6 1107.3 2.0006 izt

207.8 1105.9 0.23 3787.1

207.5 1106.8 0.23 Ims.z

207.5 1104.8 0.23 3783.3

205.9 469.8 0.23 1682.7

208.9 B8%7.8 0.60 29751

198.1 857.9 0.60 2925.1

195.0 8%7.9 0.00 2925.1

173.1

% OXYGEN SYSTEM CONDITIONS »

PRESS TEMP FLOW ENTHALPY
16.0 102.7 3.59 6l.1
216 162.7 1.59 6.1
2.6 162.7 159 €1.1
295.6 loS.1 1.59 2.5
16.0 400.0 9.01 204.8
293.3 165.1 x.87 62.5
2266 105.4 2.87 $2.5
293.3 185.1 3.70 62.5
173.2 1956 2.7 0.5
223.4 1o5.64 T.87 2.5
173.2 105.0 3.7 02.5
173.1
VALVE DATA
CanNeaaans
DELTA P sLoM % BYPASS
- S R4 bl.4l
20
. 37
oo : 3.70
INJECTTR DATA
Cevaeneeieaaa
. - OXID
2QIMARY SECOND
.52 3.0}
50.50 3.9
.07 3.41
287 3.70
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.37
6.37
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TABLE 55.

ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 10% OF DESIGN THRUST LEVEL
{CONTINUED)

= TURBOMACHINERY PERFORMANCE DATA x

s H2 BOOST TURBINE «

EFFICIENCY 0.301
HORSEPOWER ..
SPEED (RPM) 8l40.
MEAN DIA  (IN} 1.30
EFF AREA (IN2) 2.49
usc {IDEAL) 0.478
MAX TIP SPEED 4.
STAGES 1.
DELTA H  (ACT) 0.81
GAMMA 1.40
PRESS RATIO (T/T) 1.01
BRENANNENREAAN
& H2 TURBINE *
RAAANRBENNBRANE
STAGE 1
ERANNNNE
EFFICIENCY 0.371
HORSEPOMER 16.
SPEED (RPM)  32027.
MEAN DIA (IN) 2.718
EFF AREA (IN2) 0.31
usc (1DEAL) 0.149
MAX TIP SPEED 388.
DELTA H 50.
GAMMA tacT) 1.40
PRESS RATIO(T/T 1.34

* 02 BOOST TURBIMNE »

EFFICIENCY 0.322
HORSEPOWER 0.
SPEED (RPM) 2117.
MEAN DIA  (IN) 3.68
EFF AREA (IN2} 3.60
usc (IDEAL ) 0.514
MAX TIP SPEED 4.
STAGES 1.
DELTA H  (ACT) 0.42
GAMMA 1.40
PRESS RATIO (T/T) 1.00
T nep
" 02 TURBINE *
T
EFFICIENCY 0.371
HORSEPOWER 7.
SPEED (RPM) 21785,
MEAN DIA  (IN) 2.18
EFF AREA (IN2) 0.43
usc CIDEAL) 0.153
MAX TIP SPEED 264.
STAGES 1.
DELTA H  (ACT) c1.98
GAMMA 1.40
PRESS RATIO (T/T) 1.06
REGENERATOR
CewanmmaERR
COLD SIDE HO
DELP 2.82
DELT 229.44 -
AREA 0.41
FLOW 0.60
EFFECTIVENESS 0.62
NTU 1.18
CRATIO 0.3
CMIN 0.81
REGEN Q £30.04

" H2 BOOST PuMP =

EFFICIENCY 0.543
HORSEPOMER 0.
SPEED  (RPM) 8140.
S SPEED 1632.
HEAD (FT) 133.
DIA. CIN) 2.18
TIP SPEED 77.
vOL. FLOW 61,
HEAD COEF 0.712
FLOW COEF 0.115
[T
" H2 PUMP %
AANKANMANNN
STAGE 2 STAGE ONE
negaRne LERLES RS ] )
0.417  EFFICIENCY 0.489 0.495
14. HORSEPOWER 10. 10.
32027. SPEED (RPM) 32027. 32027
2.18 $ SPEED 448, 455.
0.40  HEAD (FT) 4653, 4580.
0.173  Dla.  (IN) 3.43 3.43
388. TIP SPEED 479. 479.
“2. vOL. FLOW 62. 63.
1.40  HEAD COEF 0.652 0.642
1.37 FLOW COEF 0.039 0.040
NERNEARARRARANN N
» 02 BOOST PUMP =
WA AN
EFFICIENCY 0.536
HORSEPOMER 0.
SPEED  (RPM) 2117.
S SPEED 1633.
HEAD (FT) 1.
bBla. (IN) 2.44
T1P SPEED 2
VOL. FLOW o1,
MEAD COEF 0.717
FLOW COEF 0.117
-
¥ 02 PUMP
[
EFFICIENCY 0.502
HORSEPOWER ?
SPEED  {(RPM} 21785,
S SPEED all.
HEAD (FT) 552,
DIA. LIND 1.92
TIP SPEED 182.
VOL. FLOW 23,
HEAD COEF 0.534
FLOW COEF 0.055
DATA
ANNER
T SIDE
1.60
$54.98
1.66
6.23
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STAGE TWO STAGE THREE

0.502
10.
32027.
464,
44%8.
3.43
479.
3.
0.631
0.042
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TABLE 56. — ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 5% OF DESIGN THRUST LEVEL

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 86.0
VAC ENGINE THRUST 1008.
DEL. VAC. ISP 478.5
TOTAL ENGINE FLOM RATE 2.t
THROAT AREA 5.547
NOZZLE AREA RATIC 1000.8
ENGIME MIXTURE RATIO 4.0
CHAMBER /NOZZLE COOLANT DP 53.
CHAMBER/NOZZLE COOLANT OT 2.
ETA C» 0.99%
CHAMBER/NOZZLE Q 8.

ENGINE STATION CONDITIONS

* FUEL SYSTEM CONDITIONS *

STATION PRESS TEWP FLOW ENTHALPY DENSITY
B.P. INMLET 18.6 37.4 0.30 -187.5 %.37
B.P. EXIT 20.1 37.4 0.30 -187.4 6.37
PUMP TNLET 20.1 37.4 0.30 -187.4 6.37
1ST STAGE EXIT 8.0 39.4 g.30 -181.5 4.36
2ND STAGE EXIT 134.6 41.0 0.30 -75.9 4.30
PUMP EXIT 189.8 €2.6 0.30 -98.2 .27
COLD REGEM IN 189.6 %2.6 0.30 -98.2 6.27
COLD REGEN EX 188.2 276.7 0.30 sis.8 0.13
COOLANT TMLET 188.2 276.7 a.30 sis.8 0.13
COOLANT EXIT 135.2 1205.5 0.30 4132.8 0.082

TOV INLET 130.1 1205.6 0.21 4132.8 0.082

T8V EXIT 106.7 1205.8 g.21 4132.8 6.02
LOX TRB IMLEY 130.1 1205.6 0.09 4132.8 0.02
LOX TRB EXIT 124.6 1201.7 0.09 4119.1 0.62
HZ TRB INLET 126.6 1201.7 ¢.09 4l19.1 6.0z
H2 TRB EXIT 106.0 1186.1 0.09 “064.1 0.02
H2 TRB DIFF 105.7 1186.1 0.09 4064.1 0.02
HZ BST TRB IN 105.5 1186.1 0.09 4064.1 0.02
H2 BST TRB EXIT 105.3 1186.0 0.09 40636 0.02
H2 BST TR® DIFF 105.1 1186.0 0.0% 4061.6 0.02
Gz BST TR8 IN 104.9 1186.0 0.10 “<063.6 0.02
02 8ST TRB EXIT 104.8 1185.9 g.10 4<063.4 0.02
02 8ST TRB DIFF 104.8 1185.9 0.10 4063.4 0.02

HZ TANK PRESS i8.6 1200.2 0.0002 4111.2 0.002%
GOX HEAT EXCH IN 1064.7 1199.6 0.09 4111.2 0.02
GOX HEAT EXCH OUT 106.7 1198.3 0.09 4186.5 9.02
HOT REGEN IN 104.7 1198.3 6.09 4104.5 .02
HOT REGEN EX 106.1 371.8 0.09 1190.0 .85
FSVY INLET 104.1 947 0.30 3215.6 a.02
FSV EXIT 99.8 9. 0.30 3215.6 0.02
CHANBER IMJ 8.2 940 0.30 3215.6 0.02
CHAMBER i6.0

* OXYGEN SYSTEM CONDITIONS =

STATION PRESS TEMP FLOM ENTHALPY DENSITY
3.P. INET 16.0 162.7 1.79 6l.1 71.17
B.P. EXIT 17.0 162.7 1.79 L.l 71.17
PUMP INLET 17.0 162.7 1.79 é1.1 71,17
PP EXIT 132.4 164.0 1.79 6.8 71.07

02 TANK PRESS 16.0 400.0 0.00 204.8 a.12
POSV INLET 132.3 164.0 1.78 1.8 71.07
POSVY EXIT 109.8 164.1 1.78 1.8 71.03
ocY IMLET 132.3 164.0 g.o0} 1.8 71.87
ocv EXIT 86.40 164.2 0.01 él.8 70.99
PRIMARY INJ 105.5 166.1 1.78 é1.8 71.02
SECONDARY INJ 86.0 166.2 6.01 61.8 70.99
CHAMBER B6.2

VALVE DATA
YT YYTTS )

VALVE DELTA P AREA FLOMW X BYPASS
TBY 5. J.4BG 0.2} ¢8.83
F3V 6. 1.528 0.30
POSV 23 J.0e? 1.78
ocv 46, J.0C0 0.01

INJECTOR DATA

* FUEL # ¢ OXID »
PRIMARY SECOND
DELP MAN 1.63 2.1% 0.00
DELP INJ 10.62 13,51 0.00
AREA 1.0S 3.37 0.41
FLOM 0.30 1./8 0.01



TABLE 56. — ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 5% OF DESIGN THRUST LEVEL
(CONTINUED)

= TURBOMACH INERY PERFORMANCE DATA =

" H2 BOOST TURBIME =

AR RANNAA Y RARERR
= H2 BOOST PUMP =

EFFICIENCY 9.209 EFFICIENCY 0.468
HORSEPOWER | HORSEP OWER Q.
SPEED (RPM) 479, SPEED (RPM) “798.
MEAN DIA (1IN} 1.30 S SPEED 1426,
EFF AREA (IN2) 2.4% HEAD (FT) 9.
usc (1DEAL) 0.478 DIA. C(IN) 2.18
MAX TIP SPEED 27. TIP SPEED a6,
STAGES 1. VOL. FLOW 31.
DELTA H (ACT) 0.64 HEAD COEF 0.765
GAMMA 1.37 FLOW COEF 0.097

PRESS RATIO (T/T) 1.1

(LT E Y]
a HZ PUMP n
AxuMuNENENn

4 H2 TURBINE @

STAGE | STAGE 2 STAGE ONE STAGE TWO STAGE THREE
ANNEREN MAMNNNEEN AREEENESE SSENMASNNNNR
EFFICIENCY 0.315 EFFICIENCY 0.418 0.423 0.430
HORSEPONER 3. HORSEP OWER 2. 2. 2.
SPEED (RPM) 20829. SPEED (RPM) 20529.  20529. 20529.
MEAN DIA (IN} 2.78 S SPEED 394. 400. 407.
EFF AREA (IN2) ..31 6.40 HEAD  (FT) 1915. 1886. 1855.
usc (1DEAL) 0.106  0.125 DIA.  (IN) 3.43 3.43 3.43
MAX TIP SPEED 249. 249. TIP SPEED 307. 307. 307.
DELTA H 30. 2s. VOL. FLOW 31. 31, 31.
GAMMA (ACT) 1.27 1.37 HEAD COEF 0.653 D.64% 0.633
PRESS RATIO(T/T 1.36 1.37 FLOW COEF 0.031 0.031 0.032
HANRENEANRN A NESTAN AR ANEAE NN NN
" 02 BOOST TURBINE » » 02 BOOST PUMP »
RENNANANRRSSEDARRAET HRNMAMM NN
EFFICIENCY 0.158 EFFICIENCY 0.601
HORSEPOWER .. HORSEPOMER 0.
SPEED (RPM} 934. SPEED  (RPM) 934.
MEAN DIA  (IN) 3.48 S SPEED 1836.
EFF AREA (IN2) 3.60 HEAD (FT) 2.
usc (1DEAL) 0.514 DIA. CIN) 2.46
MAX TIP SPEED 1. TIP SPEED 10.
STAGES t. vOL. FLOW 11.
DELTA H  (ACT) 0.1y HEAD COEF 0.667
GAMMA 1.57 FLOW COEF 0.133
PRESS RATIO (T/T) 1.08
EENANNENN (IEERE SRR ]}
® 02 TURBINE = " 02 PUMP ®
. AN
EFFICIENCY 0.271 EFFICIENCY 0.423
HORSEPOWER 2. HORSEPOWER 2.
SPEED (RPM) 16146, SPEED  (RPM} 14146.
MEAN DIA  (IN) 2.78 S SPEED 796.
EFF AREA (1N2} 0.43 HEAD (FT) 234.
usc (1DEAL) 0.108 DIA. (IN) 1.92
MAX TIP SPEED 172, TIP SPEED 118.
STAGES 1. VOL. FLOW 1.
DELTA H  (ACT) 13.69 HEAD COEF 0.537
GAMMA .37 FLOW COEF 0.042

PRESS RATIO (T/T3 1.06

REGEMERATOR DATA

COLD SIDE HOT SIDE
DELP 1.45% 0.56
DELT 234.08 -8l6.64
AREA a.4% 1.46
FLOMW 0.30 .09
EFFECTIVENESS 0.72
NTU 1.5¢6
CRATI10 0.28
CMIN 0.33
REGEN Q 271.56
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APPENDIX D
OFF-DESIGN MIXTURE RATIO CYCLES

Oft-design mixture ratio cycle data are presented in Tables 57 through 68.
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TABLE 57. — SPLIT-EXPANDER CYCLE — O/F = 5.0

ENGINE PERFORMANCE PARAMETERS

RERANN AN AR R RN AN NN SATaRARRER AR RARY

CHAMBER PRESSURE 1370.7
VAC ENGINE THRUST 14476
DEL. VAC. ISP &77.1
TOTAL ENGINE FLOW RATE 34.5
THROAT AREA €.071
NOZZLE AREA RATIO 10090.0
ENGINE MIXTURE RATIO 5.00
CHAMBER/NOZZLE COOLANT DP Q7.
CHAMBER/NOZZLE COOLANT DT 1%0.
ETA Cn 9.993
CHAMBER/NOZZLE Q 850%.

ENGINE STATION COMDITIONS

% FUEL SYSTEM CONDITIONS »

STATION PRESS TEMP FLOoM ENTHALPY DENSITY
B.P. INLET 18.6 37.4 5.76 -107.5 4.37
B.P. EXIY 93.0 38.4 s.76 -103.4 4.39
PUMP INLET 93.0 38.4 s.76 -103.4 4.39
IST STAGE EXIT 1919.6 66.6 s.76 17.5 4.36
JBV INLET 1878.8 66.9 2.88 17.5 4.33
JBV EXIT 1547.9 69.4 2.88 17.5 4.09
2ND STAGE EXIT 3070.1 84.9 2.88 %.6 4.34
PUMP EXIT 4185.3 102.2 2.88 172.8 4.35
COOLANT INLET 4140.5 102.6 2.88 172.8 4.33
CDOLANT EXIT 3673.7 892.5 2.88 3126.5 0.70
TBV INLET 3639.2 892. 0.03 3126.5 0.70
TBV EXIY 1618.4 906.1 e.03 3126.5 0.32
LDX TRB INLET 3639.2 892. 2.8% 3126.5 0.70
LOX TRB EXIT 3204.7 869.9 2.8% 3036.0 0.63
H2 TRB INLET 3204.7 869.9 2.8% 3036.0 0.63
H2  TRB EXIT 1721.6 766.1 2.85 2634.8 0.40
H? TRB DIFF 1701.8 766.2 2.85 2634.8 0.40
H2 B8ST TRB IN 1683.2 766.3 2.85 2634.8 0.39
H2 BST TRB EXIT  1662.0 764.1 2.85 2626.5 0.39
H2 BST TRB DIFF  1657.4 764.1 2.8 2626.5 0.39
02 BST TRB IN 1639.2 764.2 2.8% 2626.5 0.38
0z BST TRB EXIT  1628.0 763.0 2.85 2622.1 0.38
02 BST TRB DIFF  1627.3 763.0 2.8% 2622.1 0.38
K2 TanK PRESS 18.6 774.2  @.0060 2627.1 0.0045
GUX HEAT EXCH IN 1618.4 764.5 2.85 2627.1 0.8
GOX HEAT EXCH DUT 1610.4 763.9 2.85 2624.8 0.18
MIXER HOT IN 1610.6 763.9 2.85 2624.8 0.38
MIXER COLD IN 1547.9 69.4 2.88 17.5 4.09
HIXER OUT 1530.8 402.0 5.76 1314.6 0.67
FSV INLET 1530.8 402.0 s.7¢ 1314.6 0.67
SV EXIT 1491.9 402.1 5.7¢ 1314.6 0.65
CHAMBER INJ 1476.7 402.1 5.76 1314.6 0.664
CHAMBER 13711
* DXYGEN SYSTEM CONDITIONS =
STATION PRESS TEMP FLON ENTHALPY DENSITY
B.P. INLETY 16.0 162.7 28.83 61.9 70.99
B.P. EXIT 138.7 165.4 28.83 62.4 70.83
PUMP INLET 138.7 165.4 28.83 62.6 70.83
PUMP EXIT 2647.8 177.8 28.83 71.3 71.24
02 TANK PRESS 16.0 400.0 8.05 204.7 0.12
POSV INLET 2630.8 177.8 6.09 71.3 71.22
POSV EXIT 1627.3 181.7 6.09 71.3 69.63
oCV INLET 2630.8 177.8 22.¢8 71.3 71.22
ocv EXIT 1481.8 182.3 22.68 7.3 69.40
PRIMARY INJ 1586.4 181.9 6.09 71.3 69.56
SECONDARY INJ 1461.5 182.4 22.68 71.3 69.36
CHAMBER 1370.6
VALVE DATA
P
VALVE DELTA P AREA FLOW T BYPASS
JBvV 348. 0.114 2.88 50.00
TBY 2021. 0.002 0.03 1.00
FSv 39. 1.654 5.76
POSV 1004. 0.034 6.09
ocv 1149. 0.119 22.48
INJECTOR DATA
T
« FUEL = * OXID
PRIMARY SECOND
DELP MaN 15.76 23.31 10.09
DELP INJ 90.19 209.80 %.77
AREA 1.14 0.08 0.43
FLOW 5.76 6.09 22.68
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TABLE 57.

SPLIT-EXPANDER CYCLE — O/F = 5.0

LR L R L T T T Y S AR N YY)

* TURBOMACHINERY PERFORMANCE DATA

A A KRR RN M NN R AN A RN RN AN AN kN

HAKNARE KRR KA AN RN

» H2 BOGST TURBINE »

AR AR AR RGN EN R RN

EFFICIENCY 0.867
HORSEPOWER 33.
SPEED (RPM) 44201
MEAN DIA  (IND 1.90
EFF AREA (IN2) 1.45
u/c (IDEAL) 0.512
MAX TIP SPEED 366.
STAGES 1.
DELTA H  (ACT) 8.29
GAMMA 1.41
PRESS RATIO (T/T} 1.01

.

« H2 TURBINE =

KA

STAGE 1
ananwan

EFFICIENCY 0.818
HORSEPOWER 1619.
SPEED (RPM)  118310.
MEAN DIA  (IN) 3.47
EFF AREA (IN2) 0.21
usc (10€AL) 0.515
MAX TIP SPEED 1792.
DELTA H 197.
GAMMA (ACT) 1.41
PRESS RATIO(T/T 1.33

LT LT YR Y T )

* 02 BOOST TURBINE %

EFFICIENCY 0.860
HORSEP OWER 18.
SPEED (RPM) 11472,
MEAN DIA  (IN) s.21
EFF AREA (IN2) 2.02
usc CIDEAL) 0.512
MAX TIP SPEED 261.
STAGES 1.
DELTA H  (ACT) 4.43
GAMMA 1.41
PRESS RATIO (T/T) 1.01

EPITTIIII T

w 02 TURBINE

T
EFFICIENCY 0.824
HORSEPOWER 365.
SPEED (RPM) 70756.
MEAN DIA  (IN) 3.67
EFF AREA (IN2) 6.25
usc (1DEAL) 0.457
MAX TIP SPEED 1672.
STAGES 1.
DELTA H  (ACT) 90.48
GAMMA 1.41
PRESS RATIO (T/T) 1.14

STAGE 2

ETTYTYL]

LR R R Y ]

« H2 BOOST PUMP
AR AN
EFFICTENCY 0.76S
HORSEPOWER 33,
SPEED  (RPM) 46201,
S SPEED 3088.
HEAD (FT) 2443,
DIA. (1N) 2.18
TIP SPEED 420.
VOL. FLOW 589.
HEAD COEF 0.445
FLOW COEF 0.203

% H2 PUMP =

[

STAGE ONE

T I T I L]
EFFICIENCY 0.640 0.619
HORSEPOMWER 986. 323.
SPEED (RPM)  118310. 118310.
S SPEED 750. 749.
HEAD  (FT) 60268.  38125.
DIA. (1N} 3.68 3.02
TIP SPEED 1904. 1558.
VOL. FLOW 594. 298.
HEAD COEF 0.535 0.505
FLOW COEF 0.094 0.094

213

LR R T e AR Y]
» 02 BOOST PUMP «

ML TR Y Y]

EFFICIENCY 0.732
HOR SEPOWER 18.
SPEED  (RPM) 11472.
S SPEED 2470.
HEAD (FT) 250.
DIA. (IN) 2.44
TIP SPEED 122.
VOL. FLOW 183.
HEAD COEF 0.537
FLOW COEF 0.173

TP

~ 02 PUMP =

[
EFFICIENCY 0.728
HORSEPOWER 365.
SPEED  (RPM) 70756.
S SPEED 1587.
HEAD (FT) 5070.
DlA. (IN) 1.92
TIP SPEED 592.
VOL. FLOW 182.
HEAD COEF 0.465
FLOW COEF 0.131

(CONTINUED)

STAGE TWO STAGE THREE

RERAAAAARER
0.624
310.
118310.
765,
36980.
3.02
1558.
297.
0.490
0.095%



TABLE 58. — SPLIT-EXPANDER CYCLE — O/F

ENGINE PERFORMANCE PARAMETERS

P T L L e A R R R R R R

CHAMBER PRESSURE 1522.7
VAC ENGINE THRUST 18600.
DEL. VAC. ISP 479.0
TOTAL ENGINE FLOW RATE 8.8
THROAT AREA 6.071
NOZZLE AREA RATIO 1000.0
ENGINE MIXTURE RATIO 5.50
CHAMBER/NOZZLE COOLANT DP 525.
CHAMBER/NOZZLE COOLANT DT 886.
ETA Cx 0.993
CHAMBER/NOZZLE Q 9849.

ENGINE STATION CONDITIONS

OO0 U6 OO DD DL O B O OE B 0 U OO0 DE DL

a FUEL SYSTEM CONDITIONS

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 5.98 -107.5 4.37
B.P. EXIT 100.2 8.5 5.98 ~-103.0 «.39
PUMP INLET 100.2 8.5 5.98 -103.0 4.39
IST STAGE EXIY 2104.4 69.3 5.98 29.5 «.36
JBV INLET 2060.5 69.7 2.99 29.5 4.33
Jev EXIT7 1712.9% 72.3 2.99 29.5 4.09
2ND STAGE EXIT 3368.4 89.3 2.99 116.3 4.34
PUMP EXIT 459%6.1 108.2 2.99 199.9 4.36
COOLANT INCET 4548.1 108.6 2.99 199.9 &.34
COOLANT EXIT 4023.2 995.0 2.99 3494.2 0.69
TBY INLET 3985.3 995.3 0.03 3494.2 0.69
TBVY EXIT 1789.7 1010.5 0.03 3494.2 0.32
LOX TRB INLET 3985.3 995.3 2.96 3494.2 0.69
LOX TRB EXIT 3510.0 970.0 2.96 3394.2 0.63
HZ TRB INLET 3s510.0 970.0 2.96 3394.2 0.63
HZ TRB EXIT 1902.0 855.2 2.96 2954.4 0.40
H2 TRB DIFF 1880.4 855.4 2.9 2954.4 0.39
H2 BST TRB IN 1860.2 855.5 2.96 2954 .46 0.39%
H2 BST TRB EXIT 1837.1 853.1 2.96 2945.3 0.38
H2 BST IRB DIFF 1832.1 853.1 2.96 2945.3 0.38
GZ BST TRB IN 1812.4 853.2 2.96 2945.3 0.3
02 BST TRB EXIT 1800.2 851.9 2.96 2940.4 .38
02 BST TRB DIFF 179%.4 BS51.9 2.96 2940.4 0.38
H2 TANK PRESS 18.6 865.0 0.00%6 2946.0 0.0041
GOX HEAT EXCH IN 1789.7 853.6 2.96 2946.0 0.38
GOX HEAT EXCH OUT 1781.0 852.9 2.96 29431.5 0.37
MIXER HOT IN 1781.0 852.9 2.96 2943.5 6.37
HIXER COLD IN 1712.9 72.3 2.99 29.5 4.09
MIXER OUT 1694.5 466.7 5.97 1479.2 0.66
FSV INLET 1694.5 446.7 5.97 1479.2 0.66
Fsv EXIT 1£52.6 444.8 5.97 1479.2 0.65
CHAMBER [NJ 1636.2 444.9 5.97 1479.2 0.64
CHAMBER 1522.7

% OXYGEN SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMNLET 16.0 162.7 32.91 61.9 70.99
B.P. EXIT 143.0 165.3 32.91 62.4 70.84
PUMP INLEY 143.0 165.3 32.91 62.4 70.84
PUMP EXIT 2698.8 177.7 32.91 71.64 71.31

02 TANK PRESS 16.0 400.0 0.06 204.7 0.12
POSY INLEY 2676.7 177.8 5.84 71.4 .27
POSV EXIT 1757.3 181.3 .84 71.4 69.83
OCV INLET 2676.7 177.8 27.02 71.4 71.27
ocY EXIT 167%9.6 181.6 27.02 71.4 69.70
PRIMKARY [NJ 1714.5 181.5 5.84 71.4 69.76
SECONDARY INJ 1651.0 181.7 27.02 71.4 69.66
CHAMBER 1522.7

VALVE DATA
T

VAL VE DELTA P AREA FLOW X BYPASS
JBV 366. 0.11% 2.99 50.00
T8V 2196, 0.002 0.03 1.00
FsSv 42. 1.654 5.97
POSV 919. 0.034 5 .84
ocy 997. 0.182 27.02

INJECTOR DATA

AEEA AR RE NN

« FUEL « « OXID =
PRIMARY SECOND
DELP MAN 17.03 21.31 14.2
DELP INJ 96.49 191.80 128.26
AREA 1.14 .08 0.43
FLOW 5.97 5.84 27.02
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TABLE 58.

T L L T R Y R L T e L]

» TURBOMACHINERY PERFORMANCE DATA

MRS R R UG R AN RN AN ARSI NN RE AR

EAANRA KN NN RA RN NE

x H2 BOOST TURBINE
TP T T L L]
EFFICIENCY 0.865
HORSEPOWER 38.
SPEED (RPM] 46116,
MEAN DIA  (IN) 1.90
EFF AREA (IN2) 1.45
usc {1DEAL) 0.512
MaX TIP SPEED 382.
STAGES 1.
DELTA H  (ACT} 9.09
GAMMA 1.43
PRESS RATIO (T/7) 1.01
T
% H2 TURBINE *
PP
STAGE 1
e
EFFICIENCY 0.816
HORSEPOWER 1842.
SPEED (RPM)  123580.
MEAN DIA  (IN) 3.47
EFF AREA (IN2) 0.21
usc (1DEAL) 0.512
MAX TIP SPEED 1872.
DELTA H 218.
GAMMA (ACT) 1.43
PRESS RATIO(T/T 1.33

LTI LI TR AR R Ll Y ]
% 02 BOOST TURBINE =

LRI L LR T ]

EFFICIENCY 0.863
HORSEPOWER 20.
SPEED (RPM) 12162,
MEAN DIA  (IN) 5.21
EFF AREA (IN2) 2.02
usc (IDEAL) 0.512
MAX TIP SPEED 277,
STAGES 1.
DELTA H  (ACT) 4.88
GAMMA 1.43
PRESS RATIO (T/T) 1.01

P

x 02 TURBINE «

I
EFFICTENCY 0.818
HORSEPOWER 419,
SPEED (RPM) 73101.
MEAN DIA  (IN) 3.47
EFF AREA (IN2) 0.25
usc CIDEAL) 0.447
MAX TIP SPEED 1107.
STAGES 1.
DELTA H  (ACT) 99.96
GaMMA 1.43
PRESS RATIO (T/T) 1.14

STAGE 2
CTTRETY]
0.816
1842,

123580.
3.47
0.27

¢.507
1872,
222.
1.43
1.3%

ANSEARNRRANREN

SPLIT-EXPANDER CYCLE — O/F = 5.5

= H2 BOOST PUMP =

TLITECLEIEREYY
EFFICIENCY
HORSEPOHER

SPEED {RPM)

S SPEED
HEAD

DIA.

TIP SPEED
VOL. FLOW
HEAD COEF
FLOW COEF

(FT)
(IN)

n H2 PUMP *
ETLIYELTI YL
STAGE ONE
amREERANR
EFFICIENCY 0.641
HORSEPOWER 1121,
SPEED (RPR) 123580.
S SPEED 744,
HEAD (FT) 66095,
D1A. (IN} 3.68
TIP SPEED 1988.
VOL. FLOW 6l16.
HEAD COEF 0.538
FLOW COEF 0.09%4

A NE AR
. 02
cmnanrankaRKER

EFFICIENCY

HORSEPOWER

SPEED (RPM)

S SPEED

HEAD

DIA.

TIP SPEED

VOL. FLOW

HEAD COEF

FLOW COEF

(FT)
(IN)

T
s 02 PUMP »
[P

EFF ICIENCY

HOR SEPOWER

SPEED  (RPM)

S SPEED

HEAD

DIA.

TIP SPEED

vOL. FLOW

HEAD COEF

FLOW COEF

(FT)
(IN)
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"
0.765
i8.
46114.
3062.
2679.
2.18
43B.
611.
0.449
0.202

(CONTINUED)

STAGE TWO STAGE THREE

LI L T
0.620
367.
123580.
742.
41839.
3.02
1628.
309.
0.s508
0.093

BOOST PUMP *

(LX)

0.756

c.738

EEELY YT )

0.625%
354.
23580.
758.
60626 .
3.02
1628.
308.
0.493
0.09%



TABLE 53. — SPLIT-EXPANDER CYCLE — O/F = 6.0

ENGINE PERFORMANCE PARAMETERS

EARA AR MR AN AN RARARACEN RN ACRROGA RO

CHAMBER PRESSURE l1610.7
VAC ENGINE THRUST 20000.
DEL. VAC. ISP <80.0
TOTAL ENGINE FLOW RATE €1.7
THROAT AREA 6.071
NOZZLE AREA RATIO 1000.0
ENGINE MIXTURE RATIO 6.00
CHAMBER/NQOZZLE COOLANT DP 583.
CHAMBER/NOZZLE COOLANT DY 1018.
ETA Cu 0.993
CHAMBER/NOZZLE Q 11190.

ENGINE STATION CONDIYIONS

HARN N AR A AN AANAR N AR ECT RN RRNRT N

® FUEL SYSYEM CONDITIDNS «

STATION PRESS TEMWP FLOM ENTHALPY DENSITY
B.P. INLET 18.6 37.4 5.96 -107.5 6.37
B.P. EXIT 100.6 8.5 S.9%6 -103.0 4.39
PUMP INLET 100.6 38.5 5.96 -103.0 %.39
1ST STAGE EXIT 2163.5 70.1 5.9 33.2 6.36
JBY INLET 2120.0 70.5 2.98 33.2 4.33
JBY EXIT 1808.4 72.9 2.98 33.2 4.12
2ND STAGE EXIT 3465.7 90.6 2.98 122.3 %.35
PuMP EXIT “r32.3 110.0 2.98 208.3 4.37
COOLANT INLET 46B4.7 110.4 2.98 208.3 4.35
COOLANT EXIT 4101.7 1128.8 2.%8 3965 .4 0.62
TBV INLET 4060.2 1129.1 a.17 3965 .4 0.62
TBV EXIT 1884.0 1144.7 0.17 3965.4 0.30
LOX TRB IMLET 4060.2 112%.1 2.81 3965 .4 0.62
LOX TRB EXIT 3583.4 1101.3 2.8} 38%5.8 0.57
H2  TRB IMLET 3583.4 1101.3 2.81 31855.8 6.57
H2 TRB EXIT 1994.0 976.8 2.81 1381.8 0.37
HZ TRB DIFF 1972.8 977.0 2.81 33gl.8 0.36
H2 BST TRB IN 1953.0 977.1 2.81 33g1.8 0.36
H2 BST TRB EXIT 1930.3 974.5 2.81 3372.2 0.36
H2 BST TRB DIFF 1925.4 974.5 2.81 31372.2 0.35
02 BST TRB IN 1906.1 974.7 2.81 31372.2 0.35
02 BST TRB EXIT 1894.2 973.3 2.81 3367.1 .35
02 BST TRB DIFF 1893.5 973.3 2.81 3367.1 .35
H2 TANK PRESS 18.6 996.0 0.0048 3400.5 0.003%
GOX HEAT EXCH IN 1884.0 982.9 2.81 3400.5 .34
GOX HEAT EXCH QUT 1875.4 982.2 2.81 3397.7 0.34
HMIXER HOT IN 1875.4 982.2 2.8} 3397.7 0.34
MIXER COLD IN 1808 .4 72.9 2.%8 33.2 %.12
MIXER OUT 17%0.3 495.2 5.95 1667.0 6.63
FSV INLET 1790.3 495.2 5.95% 1667.0 0.63
FSVY EXIT 1746.5 495.3 5.95 1667.0 0.62
CHAMBER INJ 1729.4 495 .4 5.95 1667.0 0.61
CHAMBER 1610.8

* OXYGEN SYSTEM CONDITIONS =

STATION PRESS TEMNP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 15.77 61.9 70.99
B.P. EXIT 134.5 165.3 35.77 62.3 70.84
PUMP INLET 134.5 165.3 35.77 62.3 70.84
PUMP EXIT 2592.0 177.1 35.77 70.9 71.30

02 TANK PRESS 16.0 400.0 0.06 204.7 0.12
POSV INLET 2565.9 177.2 5.31 70.9 71.26
POSY EXIT 1804.4 180.1 5.31 70.9 70.07
OCVY [NLET 2565.9 1727.2 30.40 0.9 71.26
ocv EXIT 1808.3 180.1 30.40 70.9 70.07
PRIMARY INJ 1769.0 180.2 5.31 70.9 70.01
SECONDARY INJ 1772.2 180.2 30.40 70.9 70.01
CHAMBER 1610.7

VALVE DATA
RN

VALVE DELTA P AREA FLOW X BYPASS
JBY I30. 0.121 2.98 50.00
T8V 2176. g.pl0 Q.17 5.59
Fsv “«6. 1.654 5.9
POSV 762, 0.034 5.31
ocv 58. 0.196 30.40

INJECTOR DATA

IEEEE TR Y )

* FUEL * OXiDp »
PRIMARY SECOND
DELP MAN 17.78 17.59 17.9%
DELP INJ 100.88 Is8.28 161.51
AREA 1.14 0.08 0.43
FLOW 5.95 .31 30.40

216



TABLE 59.

NN DA AT 0N BN

« TURBOMACHINERY PERFORMANCE DATA

AN P MR AN AN RA R R R NN R AN AN AN

R MR R AR RN

* H2 BOOST TURBINE *

HR AR AN AR N AN

EFFICIENCY 0.855
HORSEPOWER 8.
SPEED (RPM) 46119,
MEAN DIA  (IN) 1.90
EFF AREA (IN2) 1.45
usc (IDEAL ) 0.512
MAX TIP SPEED 382.
STAGES 1.
DELTA H  (ACT) 5.58
GAMMA 1.43
PRESS RATIO (T/T) 1.01
P
» H2 TURBINE =
P
STAGE 1
-
EFFICIENCY 0.804
HORSEPONER 1885.
SPEED (RPM) 124731
MEAN DIA  (IN) 3.47
EFF AREA (IN2) 0.21
usc {1DEAL) 0.492
MAX TIP SPEED 1890.
DELTA H 237.
GAMMA (ACT) 1.43
PRESS RATIO(T/T 1.33

W N DN

x 02 BOOST TURBINE n

N R RN

EFFICIENCY 0.857
HORSEPOWER 21,
SPEED {RPH) 12207,
MEAN DIA (1IN) 5.21
EFF AREA (IN2) 2.02
usc {IDEAL) 0.512
MAX TIP SPEED 280.
STAGES 1.
DELTA H (ACT) 5.16
GAMMA 1.42
PRESS RATIO (T/T) 1.01

T LA L LY

® 02 TURBINE *

LA
EFFICIENCY 0.804
HORSEPOMWER 436.
SPEED (RPM] 73440.
MEAN DIA (IN) 3.47
EFF AREA (IN2) 0.25
usc (1DEAL) 0.425
MAX TIP SPEED 1113,
STAGES 1.
DELTA H (ACT) 109.63
GAMMA 1.43
PRESS RATIO (T/T7) 1.13

STAGE 2
MR
0.807
1885 .

1264731,
3.47
0.27

0.493
1890.
237.
1.43
1.3%

AN AR AR AR RN

% H2 BOOST PUMP »

YR LT

SPLIT-EXPANDER CYCLE — O/F = 6.0

EFFICIENCY 0.76S
HORSEPOWER 38.
SPEED (RPH) 46119,
S SPEED 1044,
HEAD (FT) 2694.
DlA. (IN) 2.18
TIP SPEED 4318.
VOL. FLOW 609.
HEAD COEF 0.451
FLOW COEF 0.201

x H2 PUMP *

(CONTINUED)

STAGE ONE STAGE TWO STAGE THREE

HANEREANR  MAMRREAERE
EFFICIENCY 0.642 0.620
HORSEPOWER 1147, 376.
SPEED (RPM) 124731, 124731.
S SPEED 733. 732.
HEAD (FT) 67999. “3062.
DIA. (IN) 3.68 3.02
TIP SPEED 2007. 1643,
VOL. FLOW 613, 307.
HEAD CODEF 0.543 0.513
FLOW COEF 0.092 0.092

AR
®x 02 BOOST PuUMP »

M MR A N R RRK

EFFICIENCY 0.764
HORSEPOMWER 21,
SPEED (RPH) 12307.
S SPEED 3030.
HEAD (FT) 241,
DIA. CIN} 2.44
Tip SPEED 131.
VOoL. FLOW 227.
HEAD COEF 0.450
FLOW COEF 0.201

T

* 02 PUMP x

TR
EFF1CIENCY 0.740
HORSEPOWER “36
SPEED (RPM) 73440
S SPEED 1864
HEAD (FT) 4962,
DIA. tIN) 1.92
TP SPEED 614.
VOL. FLOW 225.
HEAD COEF 0.423
FLOW COEF 0.156
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EELEETERR Y]

0.625
362.
124731,
746.
41841,
3.02
1643,
306.
0.499
8.093



TABLE 60. — SPLIT-EXPANDER CYCLE — O/F = 65

ENGINE PERFORMANCE PARAMETERS

L Ny PRy P PPy PP

CHAMBER PRESSURE 1610.8
VAC ENGINE THRUST 20338,
DEL. VAC. IsP <80.3
TOTAL ENGINE FLOW RATE 42.3
THROAT AREA 6.071
NOZZLE AREA RATIO l1a0c.0
ENGINE MIXTURE RATIO 6.50
CHAMBER/NOZZLE COOLANT DP €8,
CHAMBER/NOZZLE COOLANT DT 138.
ETA C» 0.993
CHAMBER/NOZZLE Q 11597.

ENGINE STATION CONDITIONS

HARMEER AN NA RN AR AERO N RN R,

* FUEL SYSTEM COMDITIONS »

STATION PRESS TEWP FLOM ENTHALPY DENSITY
8.P. INMLET 18.6 37.4 5.45 -107.5 4.37
B.P. EXIT 96.0 38.4 5.6 -103.2 4.39
PUMP INLET 96.0 38.4 5.6S -103.2 4.39
I1ST STAGE EXIT 2104.8 69.3 5.6S 2.6 6.36
JBV INLET 2065.6 69.7 2.83 29.6 4.33
JBV EXIT 1799.7 71.7 2.83 29.6 6.15
2NMD STAGE EXIT 3371.8 89.4 2.83 116.6 4.364
PP EXIT 4602.9 108.3 2.83 200.4 G.36
COOLANT INLET 4559.9 108.6 2.83 200.4 4.34
COOLANT EXIT 3922.0 1226.8 2.83 4305.6 0.56
TBV INLET 3880.1 1227.1 0.28 4305.6 0.55
TBV EXIT 1868.7 1241.7 0.28 4305.6 0.27
LOX TRB INLET 3880.1 1227.1 2.5 ©305.6 0.5%
LOX TRB EXIT 3635.1 1198.1 2.55 4192.2 0.50
W2 TRB INLET 36435.1 1198.1 2.5% 4192.2 0.50
H2  TRB EXIT 1968.6 10706 2.85 3708.2 0.33
M2 TRB DIFF 1949.3 1870.7 2.58 3708.2 0.33
H2 BST TRB IN 1931.4 1070.8 2.55 3708.2 0.32
M2 BST TRB EXIT  1910.8 1068.3 2.55 3698.8 0.32
H2 BST TRB DIFF  1906.3 1068.3 2.58 3698.8 0.32
a2 BST TRB IN 1888.3 1068.4 Z.55 3698.8 0.2
02 BST TRB EXIT  1878.0 1067.0 2.55 3693.7 0.32
02 BST TRB DIFF  1877.3 1067.0 2.85 3693.7 0.32
H2 TANK PRESS 18.6 1097.7 0.0041 3753.8 0.0032
GOX HEAT EXCH IN 1868.7 1084.3 2.s5 3753.8 0.31
GOX HEAT EXCH OUT 1861.0 1083.4 2.55 ¥750.5 0.31
MIXER HOT IN 1861.0 1083.4 2.55 3750.9 0.31
MIXER €OLD I[N 1799.7 7.7 2.83 29.6 4.15
MIXER OUT 1783.6 $30.0 5.65 1793.9 0.59
FSV (NLET 17836 530.0 5.65 1793.9 0.59
FSV EXIT 1741.2 5210.2 5.65 1793.9 0.58
CHAMBER INJ 1724.7 510.3 5.6 1793.9 0.57
CHAMBER 1610.7
% OXYGEN SYSTEM CONDITIONS
STATION PRESS TEWP FLON ENTHALPY DENSITY
B.P. INLET 16.0 162.7 36.76 61.9 70.9%
B.P. EXIT 117.8 165.2 36.76 62.3 70.83
PUMP INLET 117.8 165.2 36.76 62.3 70.83
PUMP EXIT 2342.2 176.0 36.76 70.1 71.23
062 TANK PRESS 16.0 400.0 0.06 204.7 0.12
POSV IMLET 2314.6 176.1 <.56 70.1 71.18
POSV EXIT 1752.8 178.2 4.5 70.1 70.30
oCcV INLET 2314.6 176.1 12.14 70.1 71.18
ocv EXIT 1830.4 177.9 32.14 70.1 70.43
PRIMARY INJ 1726.9 178.3 .56 70.1 70.2
SECOMDARY N4 1790.3 178.1 32.14 70.1 70.36
CHAMBER 1610.7
VALVE DATA
P
VALVE DELTA P AREA FLOW T BYPASS
JBV 282. 0.128 2.83 $0.00
BV 2011. 0.018 0.28 9.82
Fsv 42, 1.656 5.65
PaSV 562. 0.036 4.6
ocv 486, 0.259 32.16
INJECTOR DATA
Weskr kAR
“ FUEL « OXID
PR IMARY SECOND
DELP MaN 17.18 12.91 19.9%¢
DELP INJ 96.84 116.21 179.62
AREA 1.14 0.08 0.43
FLOW 5.65 456 32.14
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TABLE 60.

NN AN A NN A NN SRR N A NN MR AR RN TN NN

% TURBOMACHINERY PERFORMANCE DATA »

P L L L L R R RN L R R S L A

HAANNE RSN R s R A AN

« H2 BOOST TURBINE

L LT YRR

EFF ICIENCY 0.839
HORSEPOWER 34.
SPEED (RPM) 46378,
MEAN DIA  (IN) 1.90
EFF AREA (IN2) 1.45
usc (IDEAL) 0.512
MAX TIP SPEED 367.
STAGES 1.
DELTA H  (ACT) 9.47
GAMMA 1.39
PRESS RATIO (T/T) 1.01

TP

¥ H2 TURBINE ¥

[T

STAGE 1
T

EFFICIENCY 0.787
HORSEPOMWER 1744,
SPEED (RPM) 122010,
MEAN DIA (IN} 3.47
EFF AREA (IN2) .21
usc (IDEAL) 0.469
MAX TIP SPEED 1848.
DELTA H 246.
GAMMA (ACT) 1.39
PRESS RATIO(T/T 1.33

LI R TR AR L]

# Q2 BOOST TURBINE

W AN NN RN

EFFICIENCY 0.844
HORSEPOWER 18.
SPEED (RPM) 11932,
MEAN DIA  (IN) s.21
EFF AREA (IN2) z.02
usc (1DEAL) 0.512
MAX TIP SPEED 272.
STAGES 1.
DELTA M (ACT) 5.10
GAMMA 1.39
PRESS RATIO (T/T) 1.01

P —

v 02 TURBINE «

NN AR
EFFICIENCY 0.783
HORSEPOWER 409.
SPEED (RPM) 71461.
MEAN DIA  (IN) 3.47
EFF AREA (IN2) 0.25
usc CIDEAL) 0.402
MAX T1P SPEED 1082.
STAGES 1.
DELTA H  (ACT) 111.34
GAMMA 1.39
PRESS RATIO (T/T) 1.13

MRAE R AN

» H2 BOOST PUMP =

EFFICIENCY 0.765
HORSEPOKWER 34,
SPEED  (RPM) 6a378.
S SPEED 2980.
HEAD (FT) 2542,
DIA. (1IN} 2.18
T1P SPEED 622
VOL. FLOHW 578.
HEAD COEF 0.459
FLOW COEF 0.198
[
% H2Z PUMP #
[
STAGE 2 STAGE ONE
- (IS ERREY ) AAE RN NN
0.793 EFFICIENCY 0.641 0.620
1764, HORSEPOWER 1062. 348.
122010. SPEED (RPM) 122010, 122010,
3.47 S SPEED 713. 711.
0.27 HEAD  (FT) 66256. 41945,
0.474 DIA.  (IN) 3.68 3.02
1848. TIP SPEED 1963. 1607.
240. voL. FLOW s82. 292.
1.39 HEAD COEF 0.553 0.523
1.38 FLOW COEF 0.090 0.089
T
» 02 BOOST PUMP
T
EFFICIENCY 0.753
HORSEPOWEK 8.
SPEED  (RPM) 11932.
S SPEED 3336.
HEAD (FT) 207.
DIA. C(IN) 2.44
TIP SPEED 127.
vOL. FLOW 233.
HEAD COEF 0.412
FLOW COEF 0.213
PP TT)
" 02 PUMP *
nnw R AR
EFFICIENCY 0.736
HORSEPOWER 409.
SPEED  (RPM) 71441,
S SPEED 1981.
HEAD (FT) 4496,
DIA. (IN) 1.92
TIP SPEED 598.
voL. FLOW 232
HEAD COEF 0.40S
FLOW COEF 0.165
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SPLIT-EXPANDER CYCLE — O/F = 6.5 (CONTINUED)

STAGE TWO STAGE THREE

EAMAANE NN
0.625
335.
122010.
726.
40737.
3.02
1607.
291.
0.507
0.091



ENGINE PERFORMANCE PARAMETERS

AR AN R AN N A AR NN AN I AR AR AN NN S

CHAMBER PRESSURE 1610.8
VAC ENGINE THRUST 20675.
DEL. VAC. ISP 677.4
TOTAL ENGINE FLOW RATE «3.3
THROAT AREA €.071
NOZZLE AREA RAT!O 1000.0
ENGINE MIXTURE RATIO r.o0
CHAMBER/NQZZILE COOLANT DP 693.
CHAMBER/NOZZLE COOLANT DT 1211,
ETA Cn 8.988
CHAMBER/NOZZLE Q 12005.

ENGINE STATION CONDITIONS

STATION
B.P. INLET
B.P. EXIT
PUMP INLET
1ST STAGE EXIT
JBV INLET
JBV EXIT
2ND STAGE EXIT
PUMP EXIT
COOLANT INLET
COOLANT EXIT
TBV INLET
TBV EXIT
LOX TRB INLET
LOX TRB EXIT
HZ TRB IMNLET
H2 TRB EXIT
HZ TRB DIFF
H2 BST TRB IN
H2 BST TRB EXIT
H2 BST TRB DIFF
02 BST TRB IN
02 BST TRB EXIT
02 BST TRB DIFF
H2 TANK PRESS
GOX HEAT EXCH IN
GOX HEAT EXCH ouT
MIXER HOT IN
MIXER COLD IN
MIXER OUT
FSV INLET
FSv EXIT
CHAMBER INJ
CHAMBER

STATION
B.P. IMLET
B.P. EXIT
PUMP INLET
PUMP EXIT

G2 TANK PRESS
POSV INLET
POSV EXIT
OCV INLET
OCV EXIT
PRIMARY INJ
SECONDARY 1INJ
CHAMBER

VALVE
JBV
TBV
FSv
POSYV

= FUEL

* FUEL SYSTEM CONDITIONS »

PRESS TEMP FLOM ENTHALPY
18.6 37.4 5.42 -107.5
93.3 38.4 5.42 -103.4
93.3 8.4 S5.42 -103.4

2071.6 68.9 §.42 27.7
2035.6 69.2 2.7 27.7
1794.4 7i.1 2.7 27.7
33la.8 88.7 2.7 113.5
%529.9 1e7.5 2.71 196.2
4490.¢ 107.8 2.7t 1%6.2
3797.5 1319.3 2.71 £628.2
3754.8 1319.¢ 0.35 4628.2
1859.1 1333.6 0.35 4628.2
3754.8 1319.6 2.36 4628.2
3331.6 1289.4 2.36 4510.9
3331.6 1289.4 2.36 4510.9%

1952.4 1158.8 2.36 4016.3

1934.3 11%8.9 2.36 4016.3

1917.6 1159.0 2.36 «016.3

1898.3 1156.46 2.36 «006.8

1894.2 1156.5 2.36 4006.8

1877.9 1156.6 2.3% «006.8

1867.8 1185.2 2.36 4001.7

1867.1 1155.2 2.36 4001.7
18.6 1192.1 0.003¢6 4082.7

1859.1 1178.3 2.36 %082.7

1851.9 1177.3 2.36 «079.0

1851.9 1177.3 2.36 4079.0

1794.4 7n.1 2.71 27.7

1779.6 562.8 .41 1913.3

1779.6 562.8 5.41 1913.3

1738.2 $63.0 S.41 1913.3

1722.1 563.1 5.61 1913.3

1610.8

* OXYGEN SYSTEM COMDITIONS w
PRESS TEMP FLOW ENTHALPY
16.0 162.7 37.9% 61.9
104.1 165.2 37.9% 62.2
104.1 165.2 37.9¢ €2.2
2149.2 175.3 37.9¢ 69.5

16.0 400.0 0.06 2064.7
2119.8 175.4 31.88 69.5
1712, 176.9 3.88 69.5
2il9.8 175.4 36.02 69.5

185%.9 176.4 34.02 69.5

1694.0 177.0 3.88 69.5

1811.1 176.5 34.02 €9.5

1610.1

VALVE DATA
EaxrRRR RN
DELTA P AREA FLOMW X BYPASS
256. 0.125 2.71 50.00
1896. 0.026 0.35 12.93
41, 1.654 5.41
“07. 0.034 3.88
264, 0.171 34.02

INJECTOR DATA

AR R RN ANAR NS

DELP MA
DELP IN
AREA
FLOW

N
N

le.
9.

" = OxID «
PRIMARY SECOND
9.12 22.27
83.9¢0 200.43
0.08 0.43
.48 34.02
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TABLE 61. — SPLIT-EXPANDER CYCLE — O/F = 7.0

DENSITY
6.37
4.39
4.39
4.35
%.33
4.16
%.34
4.35
4.34
0.50
0.50
0.2%
0.50
0.46
0.46
0.30
0.30
0.30
0.30
a.29
0.29
9.29
0.29

0.0029

o
W = r Ry
¢ o0 ®

cwoonroo
w
~

wn
r

DENSITY
70.99
70.82
70.82
71.16

0.12
71.12
70.48
71.12
70.71
70.45
70.64




TABLE 61. — SPLIT-EXPANDER CYCLE — O/F = 7.0 (CONTINUED)

R O O

« TURBOMACHINERY PERFORMANCE DATA «

BHA A AAN AR RN AN AR E N A RA RO RN RN N AN

MR AKA AR R AR AN [
« H2 BOOST TURBINE = « H2 BOOST PUMP »
KR NN AR RN

EFFICIENCY 0.826 EFFICTENCY 0.764

HORSEPOWER 32. HOR SEPOWER 32.

SPEED (RPM) 43200. SPEED  (RPM) 43200.

MEAN DIA  (IN) 1.90 S SPEED 2915.

EFF AREA (IN2) 1.45 HEAD (FT) 2455.

usc (1DEAL) 0.512 DIA. (IN} 2.18

MAX T1P SPEED 398. TIP SPEED 411,

STAGES 1. VOL. FLOW 554

DELTA K (ACT) 9.49 HEAD COEF 0.468

GAMMA 1.38 FLOW COEF 0.195

PRESS RATIO (T/T) 1.01
I MmN
* H2 TURBINE » * H2 PUMP =
HRAERRE AR AN XSS ZE {

STAGE 1 STAGE 2 STAGE OME STAGE TWO STAGE THREE
mEawEAE RANENEE NN ENANE EAEERANNR RANNANNREAE

EFFICIENCY 0.773 0.782 EFFICIENCY 0.6480 0.619 0.624

HORSEPOWER 1650. 1650. HORSEPOWER 100S. 329. 317,

SPEED (RPM) 120203. 120203. SPEED (RPM)  120203. 120203. 120203,

MEAN DIA (IN) 3.47 3.47 S SPEED 696. 694. 709.

EFF AREA (IN2) 0.21 0.27 HEAD  (FT) 65287.  41325. 40126.

usc (IDEAL) 0.452 0.460 DlA.  (IN) 3.68 3.02 5.02

MAX TIP SPEED 1821. 1821. T1P SPEED 1934, 1583. 1583.

DELTA H 251. 246, VoL . FLOW 558. 280. 279.

GAMMA (ACT) 1.38 1.38 HEAD COEF 0.562 0.530 0.515

PRESS RATIO(T/T 1.33 1.35 FLOW COEF 0.087 0.087 0.088
O T KA AN RN TR
x 02 BOOST TURBINE * * 02 BOOST PUMP »

T TI L L] T T I L L]

EFFICIENCY 0.833 EFFICIENCY 0.726

HORSEPOWER 17. HORSEPOWER 17.

SPEED (RPM) 11659. SPEED  (RPM) 11659.

MEAN DIA  (IN) 5.21 S SPEED 3691.

EFF AREA (IN2) 2.0z HEAD (FT) 179.

usc (IDEAL) 0.512 DIA. C(IN) 2.46

MAX T1P SPEED 265. TIP SPEED 124.

STAGES 1. vOL. FLOW 241.

DELTA H  (ACT) 5.11 HEAD COEF 0.373

GAMMA 1.38 FLOM COEF .22

PRESS RATIC (T/T) 1.01
kAR RN NE YPITTII
w 02 TURBINE = x 02 PUMP w
T PP

EFFICIENCY 0.767 EFFICIENCY 0.729

HORSEPOWER 391, HORSEPOWER 391.

SPEED (RPM) 70123 SPEED  (RPM) 70123.

MEAN DIA  (IN) 3.47 S SPEED 2103.

EFF AREA (IN2) 0.25 HEAD (FT) 4137.

usc (IDEAL) 0.384 DIA. (1N} 1.92

MAX TIP SPEED 1062. TIP SPEED 587.

STAGES 1. VOL . FLOW 239.

DELTA H  (ACT) 117.33 HEAD COEF 0.387

GAMMA 1.38 FLOW COEF 0.174

PRESS RATIO (T/T} 1.13

221



TABLE 62. — SPLIT-EXPANDER CYCLE — O/F = 120

INGINE PERFORMANCE PARAMETERS

L T T T

CHAMBER PRESSURE 1250.0
VAC ENGINE THRUST 15884.
DEL. vAC. ISP 396.3
TOTAL ENGINE FLOW RATE 40.1
THROAT AREA 6.071
NOZZLE AREA RATIO 1000.0
ENGINE MIXTURE RATIO 12.00
CHANBER/NQOZZLE COOLANT DP 45S.
CHAMBER/MQZZLE COOLANT DT 726.
ETA C= 0.9%80
CHAMBER/NOZZLE Q 8631.

ENGINE STATION CONDITIONS

L Y Y P TIe Y

*» FUEL SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.¢4 3.09 -107.5 4.37
B.P. EXIT 3.6 38.9 3.09 -102.3 6.37
PUMP INLET 93.6 38.9 3.09 -102.3 6.37
1ST STAGE EXIT 2053.3 76.4 3.09 “8.7 46.14
JBV IMLET 2053.3 76.4 0.00 48.7 6. 14
JBV EXIT 1497.9 79.3 0.00 <8.7 3.71
2ND STAGE EXIT 2924.6 2.0 3.09 114.3 6.12
PuUMP EXIT 3762.9 106.9 3.09 177.3 4.1l
COOLANT TINLET 3708.6 107.3 3.09 177.3 4.09
COOLANT EXIT 3283.7 833.8 3.09 2909.1 0.67
TBY INLET 3212.2 834.1 0.52 2909.1 0.66
TBV EXIT 1568.7 B44.6 0.52 2909.1 0.33
LOX TRB IMLET 3212.2 B34.1 2.5%6 2909.1 0.66
LOX TRB EXIT 28441 Bl14.2 2.56 2830.0 0.61
H2 TRB INLET 2B44 .1 8le.2 2.56 2830.0 0.61
H2 TRB EXIT 1650.5 726.3 2.56 2493.2 0.41
H2 IRB DIFF 1636.7 726.4 2.56 2493.2 0.40
H2 BST TRB IN 1620.0 726.5 2.56 2493.2 0.40
H2 BST TRB EXIT 1603.1 724.8 2.56 2486.9 0.40
H2 BST TRB DIFF 1599.5 24.8 2.56 2686.9 0.40
02 BST TRB IN 1585.1 726.9 2.56 2486.9 0.39%
02 BST TRB EXIT 1576.3 724.0 2.56 2683 .4 0.39
02 BST TRB DIFF 1575.7 724.0 2.56 2483.4 0.39
H2 TAMK PRESS 18.6 753.8 0.0033 2555.7 0.0046
GOX HEAT EXCH IN 1568.7 746.5 2.56 2555.7 0.38
GOX HEAT EXCH OQUT 1562.2 743.6 2.56 2552.3 0.38
MIXER HOT IN 1562.2 743.6 2.56 2552.3 0.38
MIXER COLD 1IN 1497.9 79.3 0.00 «8.7 3.7
MIXER OUT 1497.9 744.0 3.08 2552.3 0.36
FSV INLET 1497.9 744.0 3.o08 2552.3 0.36
FSv EXIT 320.1 7451 3.08 2552.3 0.32
CHAMBER 1NJ 1511.3 745.1 3.08 2552.3 0.32
CHAMBER 1249.9

# OXYGEN SYSTEM CONDITIONS «

STATION PRESS TEMP FLOM ENTHALPY DENSITY
B.P. INLET 16.0 162.7 37.06 61.9 70.99
B.P. EXIT 82.2 165.1 37.06 62.2 70.82
PUMP INLET 82.2 165.1 37.06 62.2 70.82
PUMP EXIT 1569.4 172.9 37.06 67.6 71.01

02 TANK PRESS 16.0 400.0 0.06 204.,7 0.12
POSV INLET 1541.3 173.0 2.93 67.6 70.97
POSV EXIT 1308.1 173.9 2.93 67.6 70.59
OCV INLET 1541.3 173.0 34.06 67.6 70.97
ocvV EXIT 16495.2 173.2 34.06 67.6 70.89
PRIMARY INJ 1297.4 173.9 2.93 67.6 70.57
SECONDARY INJ 1450.4 173.3 34.06 67.6 70.82
CHAMBER 126¢9.6

VALVE DATA
[EEEETTT T

VALVE DELTA P AREA FLOW % BYPASS
JBV 555. 0.000 0.00 0.00
BV 1643, 0.033 0.%82 16.98
Fsv 178. 0.600 3.o8
POSV 233, 0.034 2.93
ocv “6. 0.193 34.06

INJECTOR DATA

L EL]

® FUEL « OXID =
PRIMARY SECOND
DELP MaN 9.17 5.2 22.27
DELP INJ 52.07 47 .R? 200.4%
AREA 1.14 0.08 0.43
FLOW 3.o8 2.9z 34.06
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TABLE 62.

L e T T N R F Y

* TURBOMACHINERY PERFORMANCE DATA »

R T T R T Y R )

R R R RN N TR R Y}

* H2 BOOST TURBINE =

O DN

EFFICIENCY 0.844 EFFICIENCY 0.608
HORSEPOWER 23. HOR SEPOWER 23.
SPEED (RPM) 36541. SPEED  (RPM) 36541,
MEAN DIA  (IN) 1.90 S SPEED 1856.
EFF AREA (IN2) 1.45 HEAD (FT) 2472.
usc (1DEAL) 0.512 DIA. CIN) 2.18
MAX TIP SPEED 302. TIP SPEED 347.
STAGES 1. VOL. FLOW 317.
DELTA H  (ACT) 6.30 HEAD COEF 0.659
GAMMA 1.44 FLOW COEF 0.132
PRESS RATIO (T/T) 1.01

I EZENSERRREES Y] MW N

% H2 TURBINE = ® H2 PUMP »

WX T

STAGE 1 STAGE 2 STAGE ONE STAGE TWO STAGE THREE
LEET SR ] EARANER LA EE ] IR RN ONEREI SRS}

EFFICIENCY 0.827 0.836 EFFICIENCY 0.572 0.596 0.598
HORSEPOWER 1221. 1221, HORSEPOWER 659. 286. 275.
SPEED (RPM)  113796. 113796. SPEED (RPM)  113796. 113796. 113796.
MEAN DIA  (IN) 3.47 5.47 S SPEED 499, 907. 932.
EFF AREA (IN2) 0.21 0.27 HEAD  (FT) 67185.  30401. 29329.
usc (1DEAL) 0.53¢ 0.548 DIA.  (IN) 3.68 3.02 3.02
HAX TIP SPEED 1724. 1724. T1P SPEED 1831. 1499, 1499.
DELTA H 172. 165. VOL. FLOW 335. 336. 337.
GAMMA (ACT) 1.44 1.44 MEAD COEF 0.645 0.435 0.420
PRESS RATIO(T/T 1.33 1.35 FLOW COEF 0.0S5 0.110 0.112

BN MR

WRH AR RN AN AN
® H2 BOOST PUMP =

BN RN RN AN

% 02 BOOST TURBINE * * 02 BOOST PUMP =
KR RN A
EFFICIENCY 0.878 EFFICIENCY 0.715
HOR SEPOWER 13. HORSEPOWER 13.
SPEED (RPM) 10741. SPEED  (RPM) 10741,
MEAN DIA  (IN) 5.21 S SPEED G163.
EFF AREA (IN2) 2.62 HEAD (FT) 135.
usc (1DEAL) 0.512 DIA. (IN) 2.44
MAX T1P SPEED 244 TIP SPEED 115.
STAGES 1. vOL. FLOW 235,
DELTA H  (ACT) 3.50 HEAD COEF 0.330
GAMMA 1.44 FLOW COEF 0.238

PRESS RATIO (T/T) 1.01

P M

v 02 TURBINE « x 02 PUMP x

. [
EFFICIENCY 0.807 EFFICIENCY 0.708
HORSEPOMER 287. HORSEPOWER 287.
SPEED (RPM) 62881. SPEED  (RPM) 62881.
MEAN DIA  (IN) 3.47 S SPEED 236S.
EFF AREA (IN2) 0.2 HEAD (FT) 3015.
usc CIDEAL) 0.429 DIA. CIN) 1.92
MAX T1P SPEED 953. T1P SPEED 526
STAGES 1. voL. FLOW 234
DELTA H  (ACT) 79.16 HEAD COEF 0.350
GAMMA 1.44 FLOW COEF 0.190
PRESS RATIO (T/T} 1.13
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SPLIT-EXPANDER CYCLE — O/F = 12.0 (CONTINUED)



TABLE 63.

FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 5.0

ENGINE PERFORMANCE PARAMETERS

EeRANAA KA EA AR RN RN AT R AN sunmen

CHAMBER PRESSURE 1497.1
VAC ENGINE T+RUST 16436.
DEL. VvAC. 15p 627.1
TOTAL ENGINE FLOW RATE 34.4
THROAT AREA 5.547
NOZZLE AREA RATIO 1900.0
ENGINE MIXTURE RATIO S.o00
CHAMBER/NOZTLE COOLANT DP 772,
CHAMBER/NOZZLE COOLANT 0T 385,
ETA Cn 0.993
CHAMBER/NOZJLE Q B8é53.

ENGINE STATION CONDITIONS

AAMNEN NS RGN RARR R TGS RA NN

» FUEL SYSTEM CONDITIONS =

STATION PRESS TENP FLOM ENTHALPY
B.P. IMLET 18.6 37.4 $.75 -107.5
B.P. EXIT 95.1 38.4 S.75 -103.3
PUMP IMNLET 95.1 38.4 5.75 -103.3
1ST STAGE EXIT 1696.7 1.4 s.75 -2.2
2ND STAGE EXIT 3281.1 83.3 S.7S 7.1
PUMP EXIT 4852.5 106.2 5.75 196.6
COLD REGEN IN 4801.2 106.7 5.75 196.6
COLD REGEN EX 4748.3 221.% 5.7% 631.7
COOLANT [IHNLET 4748.3 2271.5% 5.75 €31.7
COOLANT EXIT 3976.7 612.3 s.75 2136.6

TBY INLET 3938.9 612.5 a.8¢ 2136.6

TBV EXIT 1736.3 624.9 0.06 2136.6
LOX TRB INLET 3938.9 612.5 5.69 2136.6
LOX TRB EXIT 3570.4 600.8 5.69 2085.7
HZ TRB IMLET 3570.4 600.8 5.69 2085.7
H2 TRB EXIT 1859.4 527.2 5.69 1784.8
H2 TRB DIFF 1829.2 527.3 5.69 1784.8
H2 BST TRB IN 1808.7 527.4 5.6 1794.8
H2 BST TRB EXIT 1789.7 526.3 5.69 1780.5
2 BST TRB DIFF 1776.4 526.4 5.69 1780.5
02 BST TRB IN 1756.4 526.5 5.69 1780.5
02 BST TRB EXIT 1747.5 525.9 5.69 1778.3
G2 BST TRB OIFF 17646.1 526.9 5.69 1778.3

H2 TANK PRESS 18.6 533.9 0.0086 1781.8
GOX HEAT EXCH IN 1736.3 526.9 5.69 1781.8
GOX HEAT EXCH OUT 1727.4 526.6 5.69 1780.7
HOT REGEN IN 1727.¢ 526.6 S.69 1780.7
HOT REGEN EX 1675.0 407.9 5.69 1339.2
FSV INLET 1675.0 «07.9 5.74 1339.1
FSv EXIT 1631.5 408.0 S.74 1339.1
CHAMBER INJ 1614.5 4<08.1 S.74 1339.1
CHAMBER 1496.5

% OXYGEN SYSTEM CONDITIONS «

STATION PRESS TEMP FLOM ENTHALPY
B.P. IMET 16.0 162.7 8.7¢ 61.9
B.P. EXIT 141.8 165.4 28.76 62.4
PUMP INLET 141.8 165.6 8.76 62.4
PUMP EXIT 2965.7 179.4 B.76 72.5
02 TANK PRESS 16.0 400.0 0.05 204.7

POSV INLET 2947.0 179.5 .21 72.5
POSV EXIT 1792.8 184.0 6.21 72.5
ocv IMLET 2947.0 179.5 22.50 72.5
ocv EXIT 1618.5 184.7 12.50 72.5
PRIMARY INJ 1738.8 184.2 6.21 2.5
SECONDARY INJ 1596.3 184.8 22.50 2.5
CHAMBER 1497.1

vALVE DaTa

Ceetnarnee
VALVE DELTA ? AREA FLOW % BYPASS
TBY 2202, 0.003 0.06 1.00
Fov 4. 1.502 5.74
POSY 1154 0.032 5.21
ocv 1108, 0.10% 22.50

IN€CTOR DATA

sevatrananees

. FUEL = * OXiD s

£3 [MARY SECOND
DELP MaN 17.63 2o.85 11.03
DELP INJ 99,78 zs1.70 .21
AREA 1.03 7.07 0.41
FLOW 5.74 F 21.50
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DENSITY
“.37

CODOOO0O0CO0O0O0O0O0O000O0O0 =0 =wmtiRADNDDDBD™
o

DENSITY
70.99
70.83
70.83
71.28

0.12
71.26
69.45
71.26
69.16
69.36
69.12

ORIGINAL & iy 15
OF POOR QUALITY



TABLE 63. — FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 5.0
(CONTINUED)

BEARE AT N RN A AT ERARR KRN P N ANR N AR

» TURBOMACHINERY PERFORMANCE DATA =

HE N RN NN AN NN R R RN AN ARE R

Answn

« H2 BOOST TURBINE =

AABAC AR AR AR

L LR AT RN ]

EFFICIENCY 0.779

SEPOWER 4.
SPEED (RPH) “L528.
MEAN DIA (IN) 1.34
EFF AREA  (IN2) 2.45
usc (1DEAL) 0.485
MAX TIP SPEED 260.
STAGES 1.
DELTA H {(ACT) 6.26
GAMMA 1.38
PRESS RATIO (T/T) 1.01

% H2 TURBINE «

STAGE 1 STAGE

ENmARER  HAAMAR

EFFICIENCY 0.853 0.838
HORSEPOMER 2423. 2423,
SPEED (RPM] 118750. 118750.
MEAN DIA  (IN} 2.8% 2.86
EFF AREA (IN2) ¢.31 0.40
usc C(1DEAL) 0.503 0.491
KaxX TIP SPEED 14846, 1484.
DELTA H 148. 153.
GaMMA (ACT) 1.38 1.38
PRESS RATIO(T/T 1.34 1.37

AN N RN NN RN

w 02 BOOST TURBINE =

LRI LE ST R

EFFICIENCY 0.861
FOR SEPOWER 8.
SPEED (RPM) 11559.
MEAN DIA  (IN) 3.69
EFF AREA (IN2) 3.60
usc (1DEAL) 0.514
MAX TIP SPEED 186.
STAGES 1.
DELTA H  (ACT) 2.8
GAMMA 1.38
PRESS RATIO (T/T) 1.00

PPPPTTYTII I

* 02 TURBINE *

ETTITITIILD
EFFICTENCY 0.871
HORSEPOMER 410.
SPEED (RPH) 74795,
HEAN DIA  C(IN) 2.86
EFF AREA (WD) 0.43
usc (1DEAL) 0.542
MAX TIP SPEED 928,
STAGES 1.
DELTA M [ACT) 50.94
GAMMA 1.38
PRESS RATIO (T/T) 1.10

REGENERATOR DATA

LR L R

CcoLD SIDE HOT SI1CE
CELP £2.92 52.218
DELT 122.82 ~118.75
AREA .40 1.52
FLOW S. 5.89
EFFECTIVENESS 0.29
NTU 0.43
CRATIO 0.97
CMIN 20.47
REGEMN Q 2513.80

2

» ANERE RN MEERA NN AR
EFFICIENCY 0.666 0.666
HORSEP OWER B2S. 808 .
SPEED (RPM) 118750. 118750.
S SPEED 830. 837.
HEAD (FT) 52380. 51514.
Dia. CINY 3.64 3.44
TIP SPEED 1785. 178S.
VOL. FLOHW 585. 581.
HEAD COEF 0.529 0.520
FLOW COEF 0.l100 0.100
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TTYTT LTI ER N
* M2 BOOST PUMP »

R L R R I R Y]

EFFICIENCY 0.765
HOR SEPOWER 36,
SPEED (RPM) 44528 .
S SPEED 3041,
HEAD (FT) 2514,
DlA. (IN) 2.18
T1P SPEED 423,
VOL . FLOW 588.
HEAD COEF 0.451
FLOW COEF 0.201

T LI
* H2 PUMP =

STAGE ONE STAGE TWO STAGE THREE

* 02 BOOST PP «

ECLEE LRSI Y]

EFFICIENCY 0.728
HORSEPOWER 8.
SPEED (RPM} 11559.
S SPEED 2439,
HEAD (FT) 256.
DIA. (IN) 2.44
T1P SPEED 23.
VOL . FLOMW 1B2.
HEAD COEF 0.542
FLOW COEF 0.172

AR
a 02 PUMP =

RN RN UNRE

EFFICIENCY 0.727
HORSEPOWER 410,
SPEED (RPHM) 74295.
S SPEED 1523.
HEAD (FT} S703.
DIla, (IN) 1.92
TIP SPEED 627.
vOL. FLOW 181.
HEAD COEF 0.467
FLOW COEF g.128

LRI
0.667
793%.
1187%0.
8463,
50567 .
I.44
1785.
573.
0.510
0.101

ORIGINAL FAQE 1S
OF POOR QUALITY



TABLE 64.

FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 5.5

STATION
B.P. INLET
B.P. EXIT
PU® INMET
1ST STAGE EXI
28D SYAGE EX1
P EXIT
COLD REGEN IN
COLD REGEN EX
COOUANT INLET
COOLANT EXIT
TBV INLET
™BY EXIT
LOX TRB IMLET
LoX TRB EXIT
2 TRB INLET
K2 TRB EXIT
2 TRB DIFF
H2 BST TRB [N
W2 BST TRB EX
" BST TRB DI
o BST TRB IN
2 BST TRB EX
@ BST TRB DI
H2  TANK PR
GOX HEAT EXCH
GOX HEAT EXCH
T REGEN IN
T REGEMN EX
FSV INLET
FSVY EXIT
CHAMBER [NJ
CHAMBER

STATION
B.P. IRET
B.P. EXIT
PLUMP INLET
PUM® EXIT

02 TANK PRE!
POSV IMLET
POSY EXIT
OCV INLET
ocv EXIT
PRIMARY [NJ
SECONDARY INJ
CHAMBER

YALVE
T3V
Fsv
POSY

«F

DELP MAN

DELP INJ 1
AREA

FLOW

ENGINE PERFORMANCE PARAMETERS

L T P Ty T

CHAMBER PRESSURE

VAC ENGINE THRUST

DEL. VAC. ISP

TOTAL ENGINE FLOMW RATE
THROAT AREA

NOZZILE AREA RATIO

ENGINE MIXTURE RaTIO
CHAMBER/NOZZLE COOLANT DP
CHAMBER/NOZZLE COOLANT DT
ETA C»

CHAMBER/MNOZZLE Q

1665.9
18581.
¢7’%.0
lg.8
5.547
1000.0
5.50
818.
«17.
0.993
10064.

ENGINE STATION CONDITIONS

L e P RN R PR

* FUEL SYSTEM COMDITIONS =
PRESS TEMP FLOW ENTHALPY
18.6 37.4 5.98 -107.5
101.5 38.5 5.98 -102.9
101.5 38.5 5.98 -102.9
T 1839.4 63.4 5.98 6.7
T 3563.3 87.0 s.98 114.5
278.7 109.7 5.98 220.4
5223.6 110.1 5.98 220.4
$168.4 241.7 5.98 697.7
5168.4 261.7 5.98 597.7
4350.1 678.2 5.98 2381.6
4308.9 678.5 0.06 2381.6
1925.1 6935.0 0.06 2381.6
4308.9 678.5 s.92 2381.6
3906.3 665.3 s.92 2328.7
3906.3 665.3 5.92 2325.7
2058.5 585.0 5.92 1999.0
2025.8 585.2 5.92 1999.0
2003.6 $85.3 5.92 1999.0
IT  1983.0 $86.1 5.92 1996.4
FF 1968.6 584.2 5.92 1996.4
1946.9 584.3 5.92 1996.6
T 1937.3 583.6 5.92 1991.9
FF 1935.8 583.6 s.92 1991.9
ESS 18.6 59¢.0 0.cc81 1995 .8
IN 1925.1 584.8 5.92 1995.8
ouT 1915.5% $84.5 5.92 1994.6
1915.5 584.5 5.92 1994 .6
1858.9 «s3.1 s.92 1512.5
1858.9 453.1 5.97 1512.5
1811.8 455.2 5.97 1512.8
1793.4 ¢53.3 5.97 1512.5
1666.0
% OXYGEN SYSTEM CONDITIONS =
PRESS TEMP FLOW ENTHALPY
16.0 162.7 is.88 61.9
145.0 165.4 3-.88 82.4
145.0 155.6 32.88 $2.4
3006.5 179.2 1c.88 2.4
ss 16.0 <00.0 c.06 2064.7
2982.1 179.2 c.92 72.4
1933.7 183.4 5.92 72.4
2982.1 179.2 26.91 72.4
1838.6 183.7 26,91 72.4
1884.8 183.6 5.92 12.4
1807.1 183.9 2691 2.4
1665.9
VALVE DaTa
wanraseaen
DELTA P AREA %™ X BYPASS
2384, 0.003 t.06 1.00
a7, 1,502 g a7
1048. 2.032 c.92
1166, 0.1¢1 N
INJECTOR DATA
Errreanenanua
UL« - OXID »
PRIMARY SECTSD
19.12 24,2 15,23
08.64 FECICH 141,05
1.03 0.o07 0.¢!
5.97 5. a2 25,5
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DENSITY
%.37
%.39
%.39
6.41
4.46
4.52
%.50
2.80
2.80
1.08
1.04
0.49
1.04

-3
o
=g
w
-

DENSITY
70.99
70.84
70.84
71.38

0.12
71.32
69.69
71.32
69.53
69.61
69.48

ORMGINAL ©ang s
OF POOR QUALITY



TABLE 64. — FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 5.5
(CONTINUED)

R Y T R TR Y]

% TURBOMACHINERY PERFORMANCE DATA =

AN RN AR AN AN A AN RR RN AR

TP TP R
® H2 BOOST TURBINE « » H2 BOOST PUMP »
T TP
EFFICIENCY 0.778 EFFICIENCY 0.765
HORSEPOWER 39. HORSEPOWER 39.
SPEED (RPH) 46313, SPEED  (RPM} 46313.
HEAN DIA  (IN) 1.3¢ S SPEED 3037.
EFF AREA  (IND) 2.65 HEAD (FT) 2723,
usc C1DEAL) 0.485 DIA. (IN) 2.18
MAX TIP SPEED 271. TIP SPEED 440,
STAGES 1. VOL. FLOW 611.
DELTA H  (ACT) 4.62 HEAD COEF 0.452
GAMMA 1.39 FLOW COEF 0.201
PRESS RATIO (T/T) 1.01
[ TTTIIIII
" H2 TURBINE " H2 PUMP »
YT P TTIIT
STAGE 1 STAGE 2 STAGE ONE STAGE TWO STAGE THREE
wxxxENE  amaRmRN MRRNH A RN RN KNRRK RN
EFFICIENCY 0.851 0.839 EFFICIENCY 0.666 0.667 0.667
HORSEPOWER 2734, 2734, HORSEP OWER 921. 912. 895,
SPEED (RPM]  123568. 123568. SPEED (RPM)  123568. 123568. 123568.
MEAN DIA  (IN) 2.86 2.86 5 SPEED 828. 833. 838.
EFF AREA (IN2) 0.31 0.40 HEAD  (FT) 56800, 55940. 54985 .
usc (1DEAL) 0.500 0.492 DIA.  (IN} 3.44 3.44 3.44
MAX TIP SPEED 1564, 1564. TIP SPEED 1857. 1858 . 1858.
DELTA H 162. 165. VOL. FLOW 608. 602. 593.
GAMMA (ACT) 1.39 1.39 HEAD COEF 0.530 0.s22 0.513
PRESS RATIO(T/T 1.34 1.37 FLOW COEF 0.100 0.100 0.100
N YT
x D2 BOOST TURBINE # « 02 BOOST PUMP »
AN R R YT I
EFFICIENCY 0.866 EFFICIENCY 0.755
HORSEPOWER 21, HORSEP OMER 21.
SPEED (RPM) 12219, SPEED  (RPM) 12219
HMEAN DIA  (IN) 3.69 S SPEED 2705,
EFF AREA (IN2) 3.60 HEAD (FT) 262.
usc {1DEAL) 8.514 DIA. CIN) 2.46
MAX TIP SPEED 197. TIP SPEED 130.
STAGES 1. VoL . FLOW 208.
DELTA K (ACT) 2.68 HEAD COEF 0.497
GAMMA 1.39 FLOW COEF 0.186
PRESS RATIO (T/T) 1.00
WA e n YYTIETL
" 02 TURBINE = . 02 PUMP ®
[ YT
EFFICIENCY 0.865 EFFICIENCY 0.737
HORSEPOWER 468 . HORSEPDWER G68.
SPEED (RPM) 76597. SPEED  (RPM) 76597 .
MEAN DIA  (IN) 2.8s S SPEED 1663,
EFF AREA (IN2) 0.43 HEAD (FT) 5773
usc (1DEAL ) 0.522 DlA. (IN) 1.83
MAX TIP SPEED 957. TIP SPEED 647,
STAGES 1. VOL. FLOW 207.
DELTA H  (ACT] 55.92 HEAD COEF 9.4¢6
GAMMA 1.39 FLOW COEF 0.141
PRESS RATIO (T/T) 1.10

REGENERATOR DATA

KesanANA R R

COLD SIDE HGT SIDE
DELP 55.26 56.56
DELT 121.59 -131.40
ARE A 0.40 1.52-
FLOW 5.98 $.92
EFFECTIVENESS 0.78
NTU 0.43
CRATIQ r.ce
CMIN 21.s2
REGEN Q 2852 .87
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TABLE 65. — FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 6.0

ENGINE PERFORMANCE PARAMETERS

CEANRAKENAKENRA NSNS REERRERANAE

CHAMBER PRESSURE 1764 .0
VAC ENGINE THRUST Py
DEL. VAC. 15P <88.1
TOTAL ENGINE FLOW RATE 41.7
THROAT AREA 5.547
NOZZLE AREA RATIO 1008.0
ENGINE MIXTURE RATID .00
CHAMBER/NOZZLE COOLANT DP 824,
CHAMBER/NOZZLE COOLANTY DT .
ETA Cx a.993
CHAMBER/NOZZLE Q 113%0.

ENGINE STATION COMDITIONS

AN AN AN NN AR AN AR EEER NN

* FUEL SYSTEM CONDITIONS

STATION PRESS TEMP RoM ENTWALPY DENSITY
B.P. IMLET 18.6 37.4 5.9 -107.5 4.37
B.P. EXIT 106.3 38.5 5.9¢ -163.0 4.39
PUMP IMLET 100.3 38.5 5.9 -103.0 4.39
1ST STAGE EX1T 1882.3 63.9 5.9 ’.2 6.4l
2MD STAGE EXIT 3651.4 88.1 5.9 us.¢ 4.46
PUMP EXIT 5414.2 111.2 5.9 8.1 6.53
COLD REGEN IN §359.5 1.7 5.9 2281 4.51
COLD REGEN EX 5305.2 263.0 5.9% 7%¢.2 2.67
COOLANT IMLET 5305.2 263.0 5.9 7%0.2 2.67
COOLANT EXIT 4431.2 767.8 5.9% 27818 0.96
TBV IMLET 4386.0 768.1 0.36 27018 0.95
TBV EXIT 2030.5 783.1 0.36 2781.8 6.46
LOX TRB INLET 4386.0 768.1 5.60 21018 0.95
LOX TRB EXIT 3984.6 753.6 5.68 2640.8 c.88
TRB INLET 3986.6 753.6 5.60 2640.8 0.88
W2 TRB EXIT 2189.4 665.3 5.48 2288.¢ 0.57
H2 TRB DIFF 2127.6 665.5 5.68 886 0.56
2 BST TRB IN 2106.2 665.6 5. 40 e8¢ 0.56
K2 BST TRB EXIT  2086.3 664 .4 s.60 7838 0.55
K BST TRB DIFF  2072.4 664.5 5.60 838 6.55
o2 BST TRE IN 2051.5 664.6 S.60 2838 6.56
0z BST TRB EXIT  2042.2 663.9 S.40 281.3 0.56
02 BST TRB DIFF  2040.7 663.9 $.60 2281.3 0.54
H2  TANK PRESS 18.6 682.% 0.0070 2306.4 0.0051
GOX HEAT EXCH IN  2030.5% 671.1 $.40 2106.6 0.53
GOX HEAT EXCH OUT 2021.2 670.7 5.60 2304.9 0.53
HOT REGEN IN z021.2 670.7 5.60 23049 0.53
HOT REGEN EX 1966.2 505.4 S.60 17071 0.67
FSv INLET 1966.2 505.4 5.95 1787.1 0.67
FSV EXIT 1916.8 505.6 s.95 17071 0.66
CHAMBER INJ 1897.5 505.7 5.9 1707.1 0.65
CHAMBER 1764.0
* DXYGEN SYSTEM COMDITIONS
STATION PRESS TEMP FLOM ENTHALPY DENSITY
B.P. IMLET 16.0 162.7 55.77 61.9 76.99
B.P. EXIT 134.8 165.3 35.77 62.3 70.84
PuMP TNLET 134.0 165.3 35.77 82.3 70.84
PUMWP EXIT 2854.8 178.4 38.77 7.y 71.3¢
02 TAMK PRESS 16.0 400.0 0.06 204.7 0.12
POSV IMLET 2825.9 178.5 $.32 1.9 71.30
POSV EXIT 1979.3 181.8 $.32 1.9 69.98
ocv INLET 2825.9 178.5 30.39 . 71.30
ocv EXIT 1982.9 181.7 30.39 7.9 69.99
PRIMARY INJ 1940.0 181.9 5.32 7.9 €9.92
SECONDARY INJ 1943.0 181.9 30.39 n.e 69.92
CHAMBER 1764.0
VALVE DaTa
PR
VALVE DELTA P AREA FLOW % BYPASS
T8V 2356. 0.016 836 5.97
F3v <9, 1.502 5.9
PGSV 847. 0.022 s.12
ooV BG4I, 0.185 18.39
INJECTOR DATA
e neanua
» FLEL = " OXID ¢
PRIMARY SECOND
[ELP MaN 20.01 19.55 19.88
DELP INJ 113.49 175,97 178.92
AREA 1.02 0.07 0.41
FLOW 5.95 6.12 10.1%
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FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 6.0
(CONTINUED)

TABLE 65.

R AN NN R AN NN RSO NN AN
* TURBOMACHINERY PERFORSANCE DATA «
R R R R T T
HANANEE AR AR AN
# HZ BOOST PUMP =

NEAn AN A

= H2 BOOST TURBINE =

AN AN AR NN

EFFICIENCY 0.770 EFFICIENCY 0.765
HORSEPOMER 38. HORSEPOWER 38.
SPEED (RPM) 46052, SPEED  (RPM) 46052.
MEAN DIA  (IN} 1.34 S SPEED 3049.
EFF AREA (IN2) 2.45 HEAD (FT) 2683,
usc CIDEAL) 0.485 DIA. CIN) 2.18
MAX TIP SPEED 269. TIP SPEED 418.
STAGES 1. VOL. FLOW 609.
DELTA M (ACT) 6.79 HEAD COEF 0.450
GAMMA 1.36 FLOW COEF 0.202
PRESS RATIO (T/T) 1.01
T [P
* K2 TURBINE « a H2 PUMP ®
[ IR RN TR YY) [ EXRRIRERZY ]
STAGE 1 STAGE 2 STAGE ONE STAGE TWO STAGE THREE
LLER 2N ] ASEERNN ISR ] RAEEANSENN MENERRRERGQN
EFFICIENCY 0.839 0.828 EFFICIENCY 0.667 0.668 0.668
HORSEPOMER 2792. 2792. HORSEPOWER 946. 931. 915.
SPEED (RPM)  124877. 124S77. SPEED (RPM)  124577. 124577. 124577.
MEAN DIA (IN) 2.86 2.86 S SPEED 818. 823. 827.
EFF AREA (IN2) 0.31 0.40 HEAD  (FT) $8219. 57358, 56415.
usc (IDEAL) 0.480 0.476 DIA.  (IN) 3.44 3.44 3.44
HAX TIP SPEED 1657, 1557. TIP SPEED 1872. 1873. 1873.
DELTA H 176. 176. VOL. FLOW 606. 599. 590.
GAMMA (ACT) 1.36 1.36 HEAD COEF 0.534 0.526 0.517
PRESS RATIO(T/T 1.34 1.37 FLOM COEF 0.098 0.099 0.099
[T P
« 02 BOOST TURBINE » x 02 BOOST PUMP =
RN RN O T
EFFICIENCY 0.861 EFFICIENCY 0.764
HORSEPOHER 20. HORSEPOWER 20.
SPEED (RPM) 12293. SPEED  (RPH) 12293.
MEAN DI1A  (IN) 3.69 S SPEED 3036.
EFF AREA (IN2) 3.60 HEAD (FT) 240.
usc (1DEAL) 0.514 DIA. (IN) 2.44
MaX TIP SPEED 198. T1P SPEED 131.
STAGES 1. vOL. FLOW 227.
DELTA H  (ACT} 2.58 HEAD COEF 0.449
Gamma 1.36 FLOW COEF 0.201
PRESS RATIC (T/T) 1.00
[ YT
» 02 TURBINE * 02 PUMP ®
T [T
EFFICIENCY 0.850 EFFICIENCY 0.739
HORSEPOMWER «83. HORSEPOWER 483.
SPEED (RPM) 76647, SPEED  (RPM) 76647,
MEAN DIA  (IN) 2.86 S SPEED 1803.
EFF AREA (IN2) 0.43 HEAD (FT) 5490.
usc (1DEAL) 0.50S DIA. (1N) 1.93
MAX TI1P SPEED 958. TIP SPEED 647.
STAGES 1. vOL. FLOW 225,
DELTA H  (ACT) 60.92 HEAD COEF 0.42
GAMMA 1.36 FLOW COEF 0.154
PRESS RATIO (T/T) 1.10

REGENERATOR DATa

HRrsuNNNARN ARG R

COLD SIDE HOT SIDE
DELP 54.2¢ 55.0%
DELT 151.357 -165.29
AREA 0.40 1.52
FLOW 5.96 5.60
EFFECTIVENESS 0.3¢0
NTU 0.43
CRATIO 0.92
CMIN 20.26
REGEN Q 3349.23

229



TABLE 66.

FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 6.5

ENGINE PERFORMANCE PARAME [ERS

L R R Ty P

CHAMBER PRESSURE 1764.0
VAC ENGINE THRUST 20336.
DEL. VAC. ISP 480.3
TOTAL ENGINE FLOW RATE 62.3
THROAT AREA 5.547
NOZZLE AREA RATIO 1000.0
ENGINE MIXTURE RATIO 6.50
CHAMBER/NOZZLE COOLANT DP 884 .
CHAMBER/NOZZLE COOLANT DY S78.
ETA Cn 0.993
CHAMBER/NOZZLE Q 12145.

ENGINE STATION CONDITIONS

HA AR AN R KRR N AN AR AN N A AN R SRR

# FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY
B.P. INLET 18.6 37.4 5.65 -107.5%
B.P. EXIT 95.5 38.4 5.65 -103.3
PUMP INLET 95.5 38.4 5.65 -103.3
1ST STAGE EXIT 1804.2 62.9 5.65 6.5
2ND STAGE EXIT 3498.9 86.1 5.65 110.5
PUMP EXIT 5184.6 108.4 5.6% 216.5
COLD REGEN IN 5135.3 108.8 5.65 216.5
COLD REGEN EX 5085.7 292.4 5.65 9ll.é
COOLANT INLEY 5085.7 292.4 5.65 ’11.6
COOLANT EXIT 4201.5 870.3 5.65 3060.9

TBY INLET 4153.7 870.6 0.71 3060.9

TBV EXIT 2021.1 8846.8 0.71 3060.9
LOX TRB INLET 4153.7 870.6 4.94 3060.9
LOX TRB EXIT 3780.9 854.6 4.9 2995.6
H2 TRB INLET 3780.9 B%4.6 6.9 2995.6
H2 TRB EXIT 213¢.8 762. <.9¢ 2832,
HZ TRB DIFF 2108.2 763.0 “.94 2632.4
H2 BST TRB IN 2089.0 76%.2 4.94 2632.4
H2 BST TRB EXIT 2071.1 761.9 4.% 2627.6
H2 BST TRB DIFF 2058.86 762. 4.94 2827.6
02 BST TRB IN 2039.9 762.1 4. 9% 2627.6
02 BST TRB EXIT 2031.9% 761.4 6.94 2624.9
02 BST TRB DIFF 2030.2 761.4 6 .94 2624.9

H2 TANK PRESS 18.6 789.1 0.0058 J679.4
GOX HEAT EXCH IN 2021.1 776.9 4.96 2e79.4
GOX HEAT EXCH OUT 2012.7 776.4 4. 94 2677.7
HOT REGEN IN ko012, 776.4 4.9 2677.7
HOT REGEN EX 1963.1 553.1 4.94 1881.1
FSV INLET 1963.1 £53.1 5.64 1881.1
FSV EXIT 1914.4 553.4 5.64 t881.1
CHAMBER [NJ 1895.% 553.¢ 5.64 1881 .1
CHAMBER 1764.1

® OXYGEN SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY
B.P. INLET 16.0 162.7 36.75 61.9
B.P. EXIT 117.1 165.2 16.7S 62.3
PUMP INLET 117.1 165.2 36.75 82.3
PUMP EXIT 2607.6 177.3 36.75 Ti.1

02 TANK PRESS 16.0 400.0 0.06 204.7
POSV INLET 2577.0 177.4 4.5 7.1
POSV EXIT 1928.2 179.9 4.65 7.
OCV INLET 2577.0 177.4 32.04 7.1
ocv EXIT 2006.1 179.6 12.04 71.1
PRIMARY [INJ 1898.3 180.0 <. 65 71.1
SECONDARY INJ 1961.9 179.8 12.04 71.1
CHAMBER 1764.0

VALVE DATA
warsannann

VALVE DELTA P AREA FLOW % BYPASS
TBY 2133, 0.036 0.71 12.50
Y 69, 1.502 5. 66
POSV 649, 0.032 <.85
ocv 571 0.23 12.06

INJECTOR DATA

Recnacasnnnnn

* FUEL « " OX1D =
PRIMARY SECOND
DELP MaN 19.5% 14.92 21.e3
DELP INJ 111.832 136.73 197 .88
AREA 1.03 0.0/ 0.¢1
FLOW 5.66 4.8h 12,04
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DENSITY

70.99
70.83
70.83
71.28

0.12
71.23
70.22
71.23
70.34
70.17
70.27



TABLE 66. — FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 6.5

(CONTINUED)

MR EN RN RN BRI A AR RSSO ENA
% TURBOMACHINERY PERFORMAMCE DATA «

R R R T R R Y YT Y] annm

R T T Y Y R RN .

* H2 BOOST TURBINE = a HZ BOOST PUMP =

R R L LA RS ] IS YT R AT Y T

EFFICIENCY 0.750 EFF ICIENCY 0.765
HORSEPOWER 34. HORSEPOMER 34
SPEED (RPH) 44288 SPEED  (RPM) 46288
HMEAN DIA  (IN) 1.34 S SPEED 2987.
EFF AREA (IN2) 2.45 HEAD (FT) 2527.
usc (1DEAL) 0.485 DlA. Ny 2.18
max T1P SPEED 259. TIP SPEED 621,
STAGES 1. vOL. FLOW §78.
DELTA M (ACT] 4.85 HEAD COEF 0.459
GAMMA 1.38 FLOW COEF 0.199
PRESS RATIO (T/T} 1.0l

T TP

" H2 TURBINE » " PP v

R anEEmmrawnn

STAGE | STAGE 2 STAGE ONE STAGE TWO STAGE THREE
T TI YT WEeEAANE  HHRNNAANN NNKNNNAEANE

EFFICIENCY 0.813 0.810 EFFICIENCY 0.666 0.667 0.668
HORSEP OWER 2541. 2541. HORSEPOMER 862. 847. B32.
SPEED (RPM) 121121, 121121 SPEED (RPW) 121121, 121121. 121121,
MEAN DIA  (IN) 2.86 2.8¢ S SPEED 799. 804. 809.
EFF AREA (IN2) 0.31 0.40 HEAD  (FT} §5857. 55010, 54067.
usc (IDEAL) 0.448 0.45S DIA. (1N} 3.44 3.44 3.44
Max TIP SPEED 1513. 1513. TIP SPEED 1821. 1821. 1821.
DELTA H 185. 179. voL . FLOW 87s. 569. 561.
GAMMA (ACT) 1.38 1.38 HEAD COEF 0.562 0.534 0.525
PRESS RATIO(T/T 1.36 1.37 FLOW COEF 0.096 0.096 0.097

KK [T

« 02 BOOST TURBINE = = 02 BOOST PUMP »

AN AR RN AN T TI T
€FF ICTENCY 0.842 EFFICTIENCY 0.753
HGR SEPOWER 18. HORSEP OWER 18.
SPEED (RPM) 11907. SPEED  (RPM) 11907.
MEAN DIA  (IN) 3.69 S SPEED 31347.
€FF AREA (IN2) 3.60 HEAD (FT) 206.
usc (I1DEAL) 0.514 DIA. (IN) 2.46
max T1P SPEED 192. TIP SPEED 127.
STAGES 1 vOL. FLOW 233,
DELTA H  (ACT) 2.61 HEAD COEF 0.410
GAMMA 1.38 FLOW COEF 0.213
PRESS RATIO (T/T) 1.00

[ [

%« 02 TURBINE = .« 02 PP

[ reannauan
EFFICTENCY 0.821 EFFICIENCY 0.73s
HORSE P OWER 457, HORSEPOWER 457.
SPEED (RPK) 74858 SPEED  (RPN) 74858
MEAN DIA  (IN) 2.86 S SPEED 1907.
EFF AREA (IN2) 0.43 HEAD (FT) £030.
usc (IDEAL) 0.468 DIA. (1N) 1.93
max TIP SPEED 935, TIP SPEED 632.
STAGES 1. vOL. FLOM 231.
DELTA H  (ACT) 65.35 MEAD COEF 0.405
GAMMA 1.18 FLOM CDEF 0.162
PRESS RATIO (T/T) 1.10

REGENERATOR CATA
AAwaaRENNARRSaoe
COLD SIDE HOT 51DE

DELP ©9.62 <o 67
DELT 183.57 -22:.29
AREA 0.40 182 .
FLOW 5.65 <. 964
EFFECTIVENESS 0.33
NTU 0.50
CRATID 0.82
CHIN 17.64
REGEN Q 3918.60
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TABLE 67. — FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 7.0

ENGINE PERFORMANCE PARAMETERS

AR N A AR AU AU AN AN NN AR UREEARRARS

CHAMBER PRESSURE 17¢3.9
VAC ENGINE THRUST 20672.
DEL. VAC. ISP &?7.5
TOTAL ENGINE FLOW RATE 43.3
THROAT AREA 5.547
NGZZLE AREA RATIO L1000.0
ENGINE MIXTURE RATIO 7.00
CHAMBER/NOZZLE COOLANT DP 890,
CHAMBER/NOZZLE COOLANT DT 650
ETA C» 0.9%88
CHAMBER/NOZZLE Q 12914,

ENGINE STATION CONDITIONS

RN AN AR NN CO NS AAR N UGN U AN

® FUEL SYSTEM CONDITIONS «

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 5.42 -167.5 «.37
B.P. EXIT 91.8 8.4 5.42 -103.5 4.39
PUMP INLET 91.8 8.4 5.42 -103.5 4.39
1ST STAGE EXIT 1748.8 62.2 5.42 1.2 4.61
2ND STAGE EXIT 339%0.2 84.8 §.62 104.1 4.45
PUMP EXIT 5020.7 106.5 5.42 205.1 “.51
COLD REGEN IN 4975.3 106.9 5.62 205.1 6.49
COLD REGEN EX %929.1 316.9 5.42 1013.2 2.20
COOLANT INLET 4929.1 316.9 5.42 1013.2 2.20
COOLANT EXIT 4038.9 9%67.2 5.42 3397.2 0.71

TBY INLET 31988 .8 967.5 0.95 33%7.2 0.70

BV EXIT 2015.4 98l.1 0.95 3397.2 0.37
LOX TRB IMNLET 3988.8 967.5 6.67 3397.2 0.70
LOX TRB EXIT 3637.6 950.2 4.67 3328.2 0.66
H2 TRB INLET 3637.8 950.2 “.47 3328.2 0.66
H2 TRB EXIT 2121.5 853.8 4.47 29546.2 0.44
H2 TRB DIFF 2095.2 B853.9 “«.47 2954.2 0.44
H2 BST TRB IN 2077.7 854.0 4.47 2954.2 0.43
H2 BST TRB EXIT 2061.2 B852.8 6.47 2949%.3 0.43
H2 BST TRB DIFF 2049.7 852.8 6.47 2949.3 0.43
02 BST TRB IN 2032.7 852.9 .47 2949.3 0.42
02 BST TRB EXIT 2025.0 BS2. 4.47 2946.6 0.42
02 BST TRB DIFF 2023.8 B52.3 4.47 29%46.6 0.42

HZ TANK PRESS 18.86 887.8 0.0049 3025.5 0.0039
GOX HEAT EXCH IN 2015.4 874.7 4.47 3825.5 0.41
GOX HEAT EXCH OUT 2007.8 874.2 “.47 3023.6 0.41
HOT REGEN IN 2007.8 874.2 6.67 3023.6 0.41
HOT REGEN EX 1962.1 597.9 4.47 2043.9 0.57
FSV IMLET 1962.1 597.9 5.41 2043.9 0.57
FSv EXIT 1913.6 598.2 5.41 2043.9 0.56
CHAMBER [NJ 1894.9 $98.3 5.41 2043.9 0.56
CHAMBER 1764.2

¥ OXYGEN SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 37.95 61.9 70.99
B.P. EXIT 101.6 165.2 37.95 62.2 70.82
PUMP INLET 101.6 165.2 37.95 €2.2 70.82
PUMP EXIT 2379.8 176.4 37.9% 70.4 71.20

02 TANK PRESS 16.0 <00.0 ¢.06 204.7 0.12
POSY INLET 2347.2 176.5 3.96 70.4 71.15
POSV EXIT 1880.9 178.3 3.9¢ 70.4 70.42
oCy IMLET 2347.2 176.5 13.94 70.4 71.15
oCv EXIT 2034.5 177.7 33.9¢ 70.4 70.66
PRIMARY INJ 1859.4 178.4 3.9¢ 70.4 70.39
SECONDARY INJ 1985.1 177.9 13.94 0.4 70.58
CHAMBER 1763.4

VALVE DATA
LT TR T RY

VALVE DELTA P AREA FLOW 2 BYPASS
T8Y 1973. 0.053 c.9% 17.51
FLV 48 . 1.502 5.61
PGSV “66 . 0.032 3.94
ocy 1. 9.340 13.94

INJECTOR DATA

sraratenannNE

= FUEL * OXID «
PRIMARY SECOND
DELP MAN 19.¢5 i3.:8 26.56
DELP N 111.5¢ 5. 28 221.10
AREA 1.03 .37 0.41
FLOW 5.41 .34 11,94
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TABLE 67.

FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 7.0

(CONTINUED)

FEE R AN RN AN A M AR RN MR AN AR RN R

® TURBOMACHINERY PERFORMANCE DATA »

MR DD DN

« KX BOOST TURBINE =

HANS NN AN AN Es s ae NN

EFFICIENCY 0.734
HORSEPOWER 3.
SPEED {RPM) 42920.
MEAN Dl1A (IN) 1.3¢
EFF AREA (IN2) 2.45
vsc (1DEAL) 0.485
MAX T1P SPEED 251.
STAGES 1.
DELTA H (ACT) 4.90
GAMMA 1.40

PRESS RATIO (T/T) 1.01

1 H2 TURBINE *

% H2 BOOST PUMP n

EFFICIENCY 0
HORSEPOWER

SPEED {RPM} 42
S SPEED 2
HEAD (FT) 2
DIA. (IN)

TIP SPEED

VOL. FLOW

HEAD COEF ]
FLOW COEF []

® H2 PUMP n

.765

3.
920.
940.
406.
2.18
408.
554.
.465
.197

STAGE 1 STAGE 2 STAGE OME STAGE THO STAGE THREE
EeEAEEN EER L L] LETRES RS L) B MR W NN NN

EFFICIENCY 0.792 0.79% EFFICIENCY 0.665 0.666 0.667
HORSEPOHER 2365. 2365. HORSEPOWER 802. 789. 776.
SPEED (RPM)  118602. 118602, SPEED (RPM)  118602. 118602. 118602.
MEAN B1A  (IN) 2.86 2.86 S SPEED 784. 790. 795.
EFF AREA (IN2) 0.31 0.40 HEAD  (FT) 564197. 53348 §2410.
usc C1DEAL) 0.425 0.438 DIA.  (IN) 3.44 3.44 3.44
MAX TIP SPEED 1482. 1482. TIP SPEED 1783. 1783. 1783.
DELTA H 192. 182. VOL. FLOW 552, 567. 539.
GAMMA (ACT) 1.40 1.40 HEAD COEF 0.549 0.540 0.530
PRESS RATIO(T/T 1.34 1.37 FLOW COEF 0.094 0.095 6.095

WEEamRRA KN ARES R RN AR EREARE N AR A

« 02 BOOST TURBINE » » 02 BOOST PUMP =

ELIERESEE R NSRS RRS RS DD NN MR W
EFFICTENCY 0.826 EFFICIENCY 0.721
HORSEPOMER 17. HORSEPOHER 17.
SPEED (RPK) 11574, SPEED  (RPM) 11574,
MEAN DIA  (IN) 3.69 S SPEED 3743.
EFF AREA (IN2) 3.60 HEAD (FT) 174.
usc (1DEAL) 0.514 DIA. (1IN} 2.44
MAX TIP SPEED 186. TIP SPEED 123,
STAGES 1. vOL. FLOW 241.
DELTA M  (ACT) 2.64 HEAD COEF 0.368
GAMMA 1.40 FLOW COEF 0.226
PRESS RATIO (T/T) 1.00

[ -

* 02 TURBINE =« " 02 PUMP ®

P PP
EFFICIENCY 0.796 EFFICIENCY 0.729
HORSEPOWER 436. HORSEPOWER a36.
SPEED (RPM} 73152, SPEED  (RPM) 73352.
MEAN DIA  (IN) 2.886 S SPEED 2029.
EFF AREA (IN2) 0.43 HEAD (FT) 4607.
usc (1DEAL) 0.440 D1a. (IN) 1.93
MAX TIP SPEED 7. TIP SPEED €19.
STAGES 1. VOL. FLOW 239.
DELTA H  (ACT) 68.96 HEAD COEF 0.387
GAMMA 1.40 FLOW COEF 6.171
PRESS RATIO (T/T}) 110

REGEMERATOR DATA

WANTdesANRAAARE.

CcoLD SiDE HOT SIDE
DELP 46.20 45.68
DELY 210.01 -276.25%
AREA 0.40 .52
FLOW .42 4.47
EFFECTIVENESS 0.36
NTU 0.55%
CRATIO 0.7¢6
CMIN 15.85
REGEN Q 4377.96
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TABLE 68. — FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 12.0

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1160.0
VAC ENGINE THRUST 13474,
DEL. vaCc. Isp 396.3
TOTAL ENGINE FLOM RATE 34.0
THROAT AREA 5.547
NOZZLE AREA RATIO 1000.90
ENGINE MIXTURE RATIO 2.00
CHAMBER/NOZZLE COOLANT DP 417,
CHAMBER/NOZZLE COOLANT DT 793.
ETA C» 0.%890
CHAMBER/NOZZLE Q 29%6.

ENGINE STATION COMDITIONS

HEN AR AN AN NN NS REE AR AR RO

® FUEL SYSTEM CONDITIONS «

STATION PRESS TEN FLOM ENTHALPY DENSITY
B.P. INLET 18.6 317.64 2.62 -107.5 «.37
B.P. EXIT 61.5 3.1 2.62 -106.7 «.37
FUMP INLET 61.5 8.1 2.62 -106.7 4.37
IST STAGE EXIT 1352.4 61.9 2.62 -9.1 4.2
2ND STAGE EXIT 2599.2 84.1 2.62 83.¢ “.17
PUMP EXIT 3813.5 105.4 2.62 175.9 “.16
COLD REGEN IN 3802.0 105.5 2.62 173.9 4.186
COLD REGEN EX 3788.2 642.8 2.62 2263.4 0.98
COOLANT IMNLET 3788.2 642.8 2.62 263.4 0.98
COOLANT EXIT 3371.4 16436.2 2.62 $031.2 0.41
TBY INLET 3351.4 1436.4 0.01 5031.2 0.41
TBV EXIT 2350.0 14453.9 0.0} 5031.2 0.29
LOX TRB IMNLET 3351.4 1436.4 2.40 503]1.2 0.41
LOX TRB EXIT 3146.7 14204 2.60 €969%.8 0.39
H2 TRB IMLET 3146.7 1620.6 2.60 4969.8 0.39
TRB EXIT 2399.2 1347.0 2.60 €689.7 0.32
H2 TRB DIFF 2386.8 1347.1 2.60 €689.7 0.32
H2 BST TRB IN 23718.7 1347.2 2.60 4689.7 0.32
H2 BST TRB EXIT 2371.0 1346.4 2.60 4686.9 0.32
n2 BST TRB DIFF 2365.7 1346.5 2.60 4686.9 0.32
02 8ST TRB IN 2357.9 1346.5 2.¢0 4686.9 0.3t
02 BST TRB EXIT 2356.3 1366.1 2.60 4685.3 0.31
02 BST TRB DIFF 2353.8 1346.1 2.60 4685.3 0.31
H2 TANK PRESS 18.¢6 1364.6 0.0015 4687.1 0.0026
GOX HEAT EXCH (N 2350.0 1346 .6 2.60 4687.1 0.31
GOX HEAT EXCH OUT 2346.6 13645.8 2.60 4684.3 0.31
HOT REGEN IN 2346.6 1345.8 2.60 4686.3 0.31
HOT REGEN EX 2326.5 753.7 2.60 2604.1 0.54
FSV INLET 2326.5 153.7 2.62 2606.1 0.54
FSV EXIT 1227.1 T60.4 2.62 2606.1 0.2
CHAMBER INJ 1218.7 760.4 2.62 2606.1 0.2
CHAMBER 1160.0

4 OXYGEN SYSTEM COMDITIOMS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
8.P. INLET 16.0 162.7 31.44 61.9 70.99
B.P. EXIT s2. 164.9 31.44 62.1 70.81
PUMP INLET 52.1 164.9 21.46 62. 70.81
PUMP EXIT 1460.1 172.1 31.66 67.1 71.06

02 TANK PRESS 16.0 400.0 0.05% 206.7 0.12
POSV IMET 1437.7 t72.2 2.72 67.1 71.00
POSV EXIT 1215.5 173.0 2.72 67.1 70.64
OCV [INLET 1437.7 172.2 28.67 €7.1 71.00
ocv EXIT 1352. 172.% 28.67 €7.1 70.8B6
PRIMARY IMHJ 1205 .4 173.0 2.72 67.1 70.62
SECOMDARY INJ 1317.2 172, 28.67 67.1 70.81
CHAMBER 1159.8

VALVE DATA
CELI TR Y ]

VALVE DELTA P AREA FLOW % BYPASS
BV 1001. 0.001 0.01 0.51 "
FSv 1099. 0.100 2.62
POSV 222. 0.032 2.72
ocv 85. 0.184 28.67

IRJECTOR DATA

KemacananunnE

* FUEL = * OxID e
PRIMARY SECOND
DELP MAN 8.71 5.06 17.47
DELP INJ 50.05 €5 .52 197.23
AREA 1.03 0.07 0.41
FLOW 2.62 2.7 JB.47
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FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 12.0
(CONTINUED)

TABLE 68. —

R R YRR L]
« TURBOMACHINERY PERFORMANCE DATA #
R R L e R N T N R Y]

M NN HAAE RN ES AN RN

= H2 BOOST TURHINE = % H2 BOOST PUMP =

L L L L IR R Y] AR REANEINEREAAE
EFFICIENCY 0.659 EFFICIENCY 0.647
HORSEPOWER 10. HORSEPOWER 10.
SPEED {(RPM) 28390. SPEED {RPH) 2839%0.
MEAN DIA (IN) 1.34 $ SPEED 2020.
EFF AREA (IN2) 2.45 HEAD (FT) 1412.
usc (1DEAL) 0.485 Dia. (IN) 2.18
MAX TIP SPEED 166. TIP SPEED 270.
STAGES 1. VOL. FLOW 269.
DELTA H (ACT) 2.82 HEAD COEF 0.623
GAMMA 1.36 FLOW COEF 0.144
PRESS RATIQ (T/7) 1.01

NENNEA A

" M2 PUMP =

» H2 TURBINE «

REAANNERER NN AN

STAGE 1 STAGE 2 STAGE OME STAGE THWO STAGE THREE

EEnAAAN ANERENN HARNEERER  NENANERNR AMNMNEAE RN
EFFICIENCY D.740 0.789 EFFICIENCY 0.585 0.593 0.597
HORSEPOWER 1032. 1032. HORSEPOWER 354. 3643, 336.
SPEED (RPM) 98658B. 98658 . SPEED (RPM) 98658. 98658. 98658.
MEAN DIA  (IN) 2.86 2.86 S SPEED 545. 857. 565.
EFF AREA (IN2) 0.31 0.40 HEAD {FT) 43535. %2777. 41976.
vsc (1DEAL) 0.380 0.438 DIA. (IN) 3.44 3.44 3.44
MAX TIP SPEED 1233. 1233. TIP SPEED 1483, 1483. 1483.
DELTA H 155. 125. VOL. FLOW 278. 2. 282.
GAMMA (ACT) 1.36 1.36 HEAD COEF 0.637 0.626 0.614
PRESS RATIO(T/Y 1.34 1.37 FLOW COEF 0.057 0.059 0.060

ARANAMN MR N AR NN

& 02 BOOST TURBINE »

A AR ERE R AN RNN

EFFICIENCY 0.798

rORSEPGWER 6.

SPEED (RPH) 8579.

MEAN DIA {IN) 3.69

EFF AREA (IN2) 3.60

usc tIDEAL) 0.514

MAX TIP SPEED 138.

STAGES 1.

DELTA H (ACT) 1.60

GAMMA 1.36

PRESS RATIO (T/T) 1.00
RAREEAA A RAM NN
= 02 TURBINE =«
EARMR AR AN

EFFICIENCY 0.694

HORSEPOMER 226.

SPEED (RPHM} 58806 .

MEAN DILA CINY 2.86

EFF AREA (IN2) 0.43

usc (IDEAL) 0.349

MAX TP SPEED 735.

STAGES 1.

DELTA H (ACT} 61.39

GAMMA 1.36

PRESS RATIO (T/T} 1.07

REGENERATOR DATA
M AR RN RN RN
CcoLh SIDE HOT SIDE

DELP 13.85 20.11

DELT §37.32 -5s82.10

AREA 0.40 1.52.

FLOM 2.62 2.60

EFFECTIVENESS 0.48

NTU 0.9%

CRATIO 0.91

CHMIN 9.15

REGEN Q 5415.54
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MAAANE AR RN
* D2 BOOST PUMP =

EFFICIENCY 0.715
HORSEPOWER 6.
SPEED  (RPM) 8579.
S SPEED 4819.
HEAD (FT) 76.
DIA. (1IN) 2.44
TIP SPEED 91.
VOL. FLOW 199.
HEAD COEF 0.283
FLOW COEF 8.253

TrTTYIIIT]

* 02 PUMP »

[
EFFICIENCY 0.721
HORSEPOWER 226.
SPEED  (RPM) 58806.
S SPEED 2123,
HEAD (FT) 2854.
DIA. (IN) 1.93
TIP SPEED 496.
VOL . FLOW 199.
HEAD COEF 0.373
FLOW COEF 0.177



REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Intormation Operations and Reports, 1215 Jetferson

Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503

2. REPORT DATE
June 1993

1. AGENCY USE ONLY (Leave blank)

3. REPORT TYPE AND DATES COVERED
Final Contractor Report

4. TITLE AND SUBTITLE

Advanced Engine Study Program

AUTHOR(S)

AR. Fierstein, G.L. Clark, and B.R. Branstrom

AL Masters, D.E. Galler, T.F. Denman, R.A. Shied, J.R. Black,

5. FUNDING NUMBERS

WU-593-12-11
C-NAS3-23858

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

Pratt & Whitney

Government Engines & Space Propulsion
P.O. Box 109600

West Palm Beach, Florida 33410-9600

8. PERFORMING ORGANIZATION
REPORT NUMBER

E-7909

SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135-3191

10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

NASA CR-187217

11. SUPPLEMENTARY NOTES

Project Manager, G. Paul Richter, Space Propulsion Technology Division, (216) 977-7537.

12a. DISTRIBUTION/AVAILABILITY STATEMENT

Unclassified - Unlimited
Subject Category 20

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words}

A design and analysis study was conducted to provide advanced engine descriptions and parametric data for space
transfer vehicles. The study was based on an advanced oxygen/hydrogen engine in the 7,500 to 50,000 Ibf thrust range.
Emphasis was placed on defining requirements for high-performance engines capable of achieving reliable and versatile
operation in a space environment. Four variations on the expander cycle were compared, and the advantages and
disadvantages of each were assessed. Parametric weight, envelope, and performance data were generated over a range of
7,500 to 50,000 Ib thrust and a wide range of chamber pressure and nozzle expansion ratio.

14. SUBJECT TERMS

Rocket performance; Parametric rocket data; Expander cycle engines;
Oxygen/hydrogen engines; Space propulsion; Liquid propellant rockets

15. NUMBER OF PAGES

236

16. PRICE CODE

All

17. SECURITY CLASSIFICATION
OF REPORT

Unclassified

18. SECURITY CLASSIFICATION
OF THIS PAGE

Unclassified

19. SECURITY CLASSIFICATION
OF ABSTRACT

Unclassified

20. LIMITATION OF ABSTRACT

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102




National Aeronautics and
Space Administration

Lewis Research Center
Cleveland, Ohio 44135

N p
£ Kiohloy
Official Business
Penalty for Private Use $300

)

YA
Qf!/L -

NASA

FOURTH CLASS MAIL

ADDRESS CORRECTION REQUESTED







